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ABSTRACT 
Due to the increased production of local craft beers in the state of Iowa, interest in local 
hops has been piqued. In order to support the budding hop industry in the Midwest United States, 
regionally relevant empirical research is necessary, specifically regarding nitrogen (N) fertilizer 
recommendations. In order to refine fertilizer recommendations for the Midwest, a hop yard was 
established, and two experiments were conducted.  
The objective of the first experiment was to determine the optimal concentration of urea 
(U) to maximize yield and quality, defined as the percentage of α- and β-acids in the final dried 
cones. It was hypothesized that a specific amount of urea would be optimal to support biomass 
accumulation and maintain quality. To test this hypothesis seven concentrations of U were 
tested, starting at 0 lb N∙a–1 to 300 lb N∙a–1 in 50 lb N∙a–1 increments. Quality and yield were 
measured at the end of each growing season. As the concentration of urea increased yield also 
increased, but quality, specifically the percentage of α-acids declined. Based on experimental 
results, 150 lb N∙a–1 may be recommended in order to maintain quality and support biomass 
accumulation.  
The objective of the second experiment was to determine the optimal form of N fertilizer. 
It was hypothesized that a nitrate (NO3
–) based fertilizer would promote biomass accumulation. 
To test the hypothesis, an experiment was conducted with five combinations of N fertilizer 
applied in split-application at a concentration of 150 lb N∙a–1. The combinations were made up of 
calcium nitrate (CN), urea ammonium nitrate (UAN), and U applied in the following 
combinations (first application-second application): CN-CN, CN-UAN, U-U, U-UAN, and 
UAN-UAN at 75 lb N∙a–1 per application. Nitrate-based fertilizers resulted in higher yields and 
may be recommended to support biomass production. Quality was unaffected by N form.  
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CHAPTER 1.    GENERAL INTRODUCTION 
Brewing 
Hops (Humulus lupulus L.) have been cultivated for beer brewing for more than 1,000 
years. Currently, 98% of the world’s hop cones are used in the brewing industry (Fandiño et al., 
2015; Palmer, 2006). In 2018, the United States craft beer industry generated $27.6 billion, up 
3.9% from the previous year, accounting for 13.2% of the total beer industry with production 
trending upwards. Iowa contributed 120,755 barrels of craft beer, up 34% from the previous 
year, with a $998 million economic impact for the state (Brewers Association, 2017, 2018). In 
recent years the United States surpassed Germany as the world’s lead hop-producing country, 
with an estimated 23,532 ha in production, most of which is centered in Washington state and 
Oregon (International Hop Growers Convention, 2017). According to the Brewers Association, 
an additional 10.9 million kg of hops, or roughly 500 ha will be needed by 2020 to support the 
industry in the United States, providing opportunities for producers across the country (Watson, 
2015).  
Hops brewing value is derived from the female inflorescences, commonly called cones, 
which develop lupulin glands. These glands contain secondary metabolites, the most important 
of which are α- and β- acids which act as a foam stabilizer, preservative, and impart aroma and 
bitterness into the beer during the brewing process (Almaguer et al., 2014; Pistelli et al., 2018). 
Both α- and β- acids are groups of crystalline chemicals, commonly called soft resins. Hop cone 
quality is determined primarily by percentage by weight of these compounds (Almaguer et al., 
2014). Genotype influences this percentage and, therefore, the flavor and aroma imparted to the 
final product (Yan et al., 2019; Zanoli and Zavatti, 2008). There are two main categories of hop 
cultivars: 1) bittering cultivars; and 2) aroma cultivars. Bittering hops such as ‘Northern Brewer’ 
2 
and ‘Nugget’ generally have an α-acid content above 10%, give off a strong aroma, and are used 
to increase the bitterness of the beer. Alternatively, aroma hops such as ‘Cascade,’ ‘Citra,’ and 
‘Saaz’ generally have an alpha acid content below 10% and are primarily used to add aroma to 
the beer, though they can add bitterness as well. Some cultivars, such as ‘Centennial’ and ‘Mount 
Hood’ are considered dual-purpose hops and used for both bittering and aroma (Biendl et al., 
2014).    
 
Humulus lupulus-Background 
Hops are herbaceous perennial plants in the family Cannabaceae native to the temperate 
regions of the United States, Europe, and Asia. Growth begins in the early spring with shoots 
emerging from the rootstock. In this early stage, the shoots lengthen, and the plant reaches about 
20% of its total height (Neve, 1991). In commercial production, plants climb up extensive trellis 
systems using bines, which twist up clockwise around supports aided by downward-facing 
hooked hairs. Bines are trained up the trellis system manually when they reach approximately 
half a meter long (Kaiser and Ernst, 2012; Neve, 1991; Pokorny. et al., 2013). Hops are 
dioecious and female plants produce flowers known as strobili, or cones, which contain lupulin 
glands at the base of the bracteoles (Dodds, 2017) . The majority of biomass accumulation and 
nitrogen (N) uptake occurs from the start of growth until mid-June just before flowering begins 
(Lizotte and Sirrine, 2018). Hops are a short-day plant (Thomas, 1969). Flowering, which is 
necessary for subsequent cone formation, is sensitive to photoperiod and is induced by the short 
days leading up to the summer solstice; the critical day length for flowering is cultivar-dependent 
but generally between 15.5 to 16.5 h. If the days are too short, less than eight hours, dormancy is 
induced. The critical daylength is reached in the Midwest on approximately the longest day of 
the year, the summer solstice, after which days become shorter. Approximately a week after this 
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day, flowering commences. Maximum yields are achieved with daylengths slightly shorter than 
the critical daylength, for this reason production is best between 35- and 55- degrees latitude 
(Neve, 1991; Thomas, 1969). This combined with a climate similar to that of Germany’s makes 
the central Midwest and optimal location to grow hops (Kottek et al., 2006).  
Determining optimal harvest time is done in part through visual inspection of the cones, 
but mostly through analysis of the cone’s percent dry matter (approximately 20% to 23%) and 
the α- and β- acid content, which are cultivar-dependent. When the percentage of dry matter and 
α- and β- acids are within the desired range, generally at the end of August or early September, 
they are harvested, dried, packaged, and stored as quickly as possible (Gingrich et al., 2000; 
Kaiser and Ernst, 2012).    
 
Mineral Nutrition 
Of the essential mineral plant nutrients, nitrogen (N) is the one applied to agricultural 
crops in the greatest amounts and is generally the limiting nutrient associated with reduced yields 
(Williams and Miller, 2001; Witte, 2011). Nitrogen is an important building block for amino 
acids, proteins, chlorophyll, and secondary metabolites, and is therefore fundamental to many 
plant functions (Hawkesford et al., 2012). It is well-known hops require high amounts of N, due 
to the rapid growth in the spring (Iskra et al., 2019; Neve, 1991). Recommended N application 
amounts for hops in the United States range from 67.3 to 336.3 kg N∙ha–1 (Brooks and Keller, 
1960; Darby, 2011; Hermanson et al., 1995; Keller, 1954). Keller (1954) reported that yield 
appeared to increase from 0 kg N∙ha–1 to 336.3 kg N∙ha–1 but no significant differences were 
found with more a concentration higher than 84.1 kg N∙ha–1. More recently in Washington hop 
yards 140 to 168 kg N∙ha–1 applied during the period of rapid growth, shoot emergence to early 
June, was enough to produce maximum yield (Hermanson et al., 1995). In another recent study, 
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higher N rates did not always lead to higher yields suggesting environmental influences, such as 
rainfall or temperature, have an effect on yield (Iskra et al., 2019). Evidence suggests hops can 
remove at least 51.7 kg∙ha–1 of N from the soil in a single growing season, which may vary with 
plant age, previous years conditions, soil conditions, rate of N volatilization, and cultivar (Darby, 
2011; Gingrich et al., 2000; Hermanson et al., 1995). This seasonal fluctuation in N uptake may 
need to be considered when determining the application rate of N fertilizer in the next year.   
In 2005, more than half of all agriculturally applied N was in the form of urea (Glibert et 
al., 2006). Though new evidence suggests plants can directly uptake urea with dedicated urea 
transporters (Witte et al., 2011), it has generally been assumed urea is taken up by the plant after 
conversion to NH4
+ and NO3
– by soil microbes. Urea lacks charge making it difficult to bind to 
cation exchange sites on soil particles before conversion has occurred, contributing to the high 
leaching and volatilization potential of urea. This, combined with inappropriate application 
techniques including suboptimal timing, inefficient fertilizer forms, and unsuitable 
environmental conditions, result in urea’s conversion to NH4
+ and eventual volatilization under 
conditions such as high soil pH and high soil moisture (Watson et al., 1994).  
Many plants have a physiological preference for a source of N (Boudsocq et al., 2012; 
Williams and Miller, 2001). There is little information regarding the preferred N form for uptake 
by hops; therefore, the best source of N fertilizer is unknown. Hermanson (1995) reported NO3
– 
is generally more readily taken-up than NH4
+ by hops, but this could vary with environmental 
conditions (Hermanson et al., 1995). Preference is determined by genotype, available N, and 
environmental conditions such as light, temperature, and soil pH. In greenhouse experiments, 
grasses from dry regions had a preference for NO3
–, whereas those from wetter regions had a 
preference for NH4
+, suggesting N form preference is influenced by a plants native environment 
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(Wang and Macko, 2011). Nitrate is the predominant form of N in cultivated soils due to 
microbial conversion from NH4
+. Uptake of NH4
+ uses less energy than NO3
– due to its ability to 
move along an electrochemical gradient. However, high NH4
+ concentrations can be toxic 
(Piwpuan et al., 2013). Ammonium toxicity may be caused by the inability of the plant to 
regulate rhizosphere and/or intracellular pH under high NH4
+ concentrations (Britto et al., 2002). 
Therefore, supplying both NO3
– and NH4
+ to plants may allow them to better-regulate N uptake 
(Piwpuan et al., 2013).  
Without access to sufficient N, hop yield and quality can be diminished (Neve, 1991). 
Nitrogen is a building block for many plant functions, and is major component of chlorophyll 
and deficiencies cause symptoms such as stunting, chlorosis, and increased leaf senescence 
mostly due to decreased photosynthetic capabilities (Hawkesford et al., 2012). Decreased 
photosynthesis can lead to a reduction in flowering and, therefore, yield (Uchida, 2000).  
Excess N can also be detrimental to hops by increasing disease and pest pressure (Huber 
et al., 2010; Huber and Watson, 1974), reducing the final hop cone quality (Maļceva et al., 
2011), and increasing leaf growth at the expense of cone formation (angel wings). Sewell (1967) 
reported that N applied at 235.8 kg N∙ha–1 resulted in higher foliar symptoms of Verticillium wilt 
(Verticillium albo-atrum and V. dahlia) on hops than those at 78.5 kg N∙ha–1. In industrial hemp 
(Cannabis sativa L.) a quality decrease was observed at the 100 kg N∙ha–1 and seed oil content 
decreased with increasing N fertilizer supply possibly due to increased amino acid formation 
and, therefore, a decrease in secondary metabolite formation (Maļceva et al., 2011). Iskra (2019) 
reported this same effect in regards to α-acids concentration in hop cones (Iskra et al., 2019). 
There is also concern excess NO3
– can accumulate in the cones (Muñoz-Huerta et al., 2013). 
Nitrates are a public health concern due to their ability to transform into NO2 
– in the human 
6 
body. A daily maximum intake of NO3
– has been set by the Food and Agriculture Organization 
at 3.7 mg∙kg–1 of body weight (Lairon, 2009). Excess nitrates in hop cones can potentially be 
transferred to the beer, especially when using hops that have not been dried (wet hopping), 
leading to health concerns. Iskra (2019) found NO3
– increased with increasing rates of N 
fertilizer. Despite these concerns, formal NO3
– testing is not required and no limits are in place 
for NO3
– content in hop cones or beer (Biendl et al., 2014).    
Excess N has negative environmental impacts, such as contributing to waterway 
eutrophication and groundwater contamination (Tilman et al., 2011). Only 30% to 50% of N 
applied to fields is taken up by midwestern annual row crops such as corn (Zea mays) and 
soybeans (Glycine max), and the rest enters surrounding ecosystems and decreases water and air 
quality (Tilman et al., 2011; Tongwane et al., 2016). According the Environmental Protection 
Agency’s 2012 National Lake Assessment for the Midwest region, 41% of lakes are eutrophic. 
Of the 24 states along the Mississippi River, Iowa follows Illinois as the second-highest 
contributor of NO3
– to the Gulf of Mexico, suggesting excess N fertilizer applications (Alexander 
et al., 2008; Green et al., 2014). Excess fertilizer usage also leads to the release of N2O to the 
atmosphere, which is a potent greenhouse gas (Muñoz-Huerta and Guervara-Gonzalez, 2013). 
Denitrification from agriculture in humid areas is one of the main sources of N2O to the 
atmosphere and is a major contributor to global greenhouse gases, with 72% of N2O emission in 
the United States coming from agricultural sources (Burton et al., 2014; Hyatt et al., 2010). 
Environmental impacts can be managed through efficient fertilizer usage such as optimizing N 
form and amount, nitrification inhibitors, split application of fertilizer (Burton et al., 2014), and 
potentially through an increase in perennial crop production (Jordan et al., 2007), especially in 
areas where leaching is a concern (Tilman et al., 2002). 
7 
Nitrification inhibitors can potentially reduce N2O emissions by up to 4.5 kg N2O-N∙ha
-1 
under optimal conditions and are recommended as a way to mitigate emissions from agricultural 
sources (Lam et al., 2017). Nitrification inhibitors are used to slow down bacterial conversion of 
NH4
+ to NO2
–, thereby suppressing NO3
– formation and decreasing denitrification and leaching 
(Gioacchini et al., 2002; Lam et al., 2017). Application of nitrification inhibitors before N 
applications may promote synchronization between crop N uptake and N supply, thereby 
increasing nitrogen use efficiency (Alonso-Ayuso, 2016). 
Split application of N fertilizer can reduce the rate of denitrification in humid areas and 
areas with high rainfall, as rainfall events can trigger denitrification events (Burton et al., 2014). 
For potato (Solanum tuberosum) production in years with high rainfall, split application of N 
reduces N2O emissions. In the same study, the increase in denitrification following rainfall 
events was noted, suggesting fertilizer applications need to be timed to avoid days of high 
rainfall (Burton et al., 2014). Application of N fertilizers can be timed to accommodate periods 
of rapid growth as well as optimal environmental conditions. For hops, N is most important in 
the spring with most growth occurring from mid-May to the end of June (Neve, 1991; Rybáček, 
1991).   
Two-thirds of the world’s agricultural land is dedicated to annual monocultures, such as 
corn and soybeans (Poisson et al., 2006). Evidence suggests annual row crops increase the 
potential for soil erosion and leaching. The average rate of soil loss for the entire continental 
U.S. in 1982 was 18 t∙ha–1∙yr–1, that rate increased to almost 36 t∙ha–1∙yr–1 in the Midwest region. 
Erosion reduces organic matter, water retention, and cation exchange capacity, reducing the 
overall soil quality and, therefore, negatively impacting crop production (Poisson et al., 2006). 
Incorporating perennial crops into agricultural landscapes can potentially reduce the amount of 
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leaching occurring, and essentially function as a trap crop for excess nutrients as water flows past 
them (Bergstrom, 1987; Dinnes et al., 2002). Modeling has estimated a partial conversion to 
perennial crops, like hops which are grown with grass between rows, in the Midwest could 
reduce leaching by as much as 80% (Jordan et al., 2007). Perennial crops require much less 
disturbance in the field, maintain more ground cover, and have a permanent and extensive root 
system (Zhang et al., 2011). Annual row crops can have 30- to 50- times more losses of NO3
–-N 
than perennial crops (Randall and Mulla, 2010). A switch to perennials can aid in carbon 
sequestration, in part through decreased inputs and soil disturbances, and because many 
perennial crops, including hops are no till. In European systems, a switch to permanent crops 
could potentially sequester 0.6 C ha–1∙year–1 (Freibauer et al., 2004).   
 
Conclusion 
Hops have the potential to be an economically viable alternative perennial crop in the 
central Midwest region due to the state’s latitude, climate, soil, and burgeoning craft beer 
industry. Fertilization guidelines from unbiased University studies should be determined to 
support local hop producers. Fertilization management, specifically N application rate and source 
management, is a crucial aspect of hop production when it comes to quality and sustainability. 
This research sets out to determine the optimal amount and source of N for hop production in 
Iowa soils. The results of this research aim to support sustainable and economical hop production 
and contribute to the horticultural understanding of hops production. 
The objective of the N rate experiment is to help refine N concentration 
recommendations for hop yards with a regional focus. Seven rates of urea from 0 lb∙a –1 to 300 lb 
N∙a–1, in 50 lb N∙a–1 increments, were applied in split application to ‘Cascade’ hops in the field. 
Half of the fertilizer is applied six weeks before 21 June, while the other half is applied two 
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weeks prior to 21 June to accommodate the period where growth is most rapid. We hypothesize 
that there is an optimal concentration of N fertilizer to maximize yield and quality for 
commercial hop producers in Iowa. 
The objective of the N source experiment is to determine the N species preference for 
hops. Five treatments were applied to ‘Cascade’ hops in the field, consisting of combinations of 
calcium nitrate [Ca(NO3)2], ammonium nitrate (NH4NO3), and urea applied at a concentration of 
150 lb N∙a-1. The combinations are (first application-second application): CN-CN, CN-UAN, U-
U, U-UAN, and UAN-UAN. Applications are divided into two even parts, half six weeks before 
21 June and half four weeks after the first application to accommodate the period when growth is 
most rapid. We hypothesize that hops will have an N form preference that maximizes quality and 
yield for commercial hop growers.  
 
References 
Alexander, R.B., R.A. Smith, G.E. Schwarz, E.W. Boyer, J.V. Nolan, and J.W. Brakebill. 2008. 
Differences in phosphorus and nitrogen delivery to the Gulf of Mexico from the Mississippi river 
basin. Environ. Sci. Technol. 42:822–830. 
 
Almaguer, C., C. Schönberger, M. Gastl, E.K. Arendt, and T. Becker. 2014. Humulus lupulus-A 
story that begs to be told. J. Inst. Brewing. 120:289–314. 
 
Alonso-Ayuso, M. 2016. Nitrogen use efficiency and residual effect of fertilizers with 
nitrification inhibitors. European J. Agr. 80:1–8. 
 
Bergstrom, L. 1987. Nitrate leaching and drainage from annual and perennial crops in tile-
drained plots and lysimeters. J. Environ. Quality. 16:11–18. 
 
Biendl, M., B. Engelhard, A. Forster, A. Gahr, A. Lutz, W. Mitter, R. Schmidt, and C. 
Schönberger. 2014. Hops, their cultivation, composition and usage. 1st ed. Fachverlag Hans 
Carl, Nurnberg, Germany. 
 
Boudsocq, S., A. Niboyet, J.C. Lata,  X. Raynaud, N. Loeuille, J. Mathieu, M. Blouin, L. 
Abbadie, and S. Barot. 2012. Plant preference for ammonium versus nitrate: A neglected 
determinant of ecosystem functioning? Amer. Naturalist. 180:60–69. 
 
10 
Brewers Association. 2018. State craft beer sales; production statistics. 2018. 7 Sept 2018. 
<https://www.brewersassociation.org/statistics-and-data/state-craft-beer-stats/?state=IA> 
 
Brewers Association. 2017. National beer sales production data. 14 Oct 2018. 
<https://www.brewersassociation.org/statistics/national-beer-sales-production-data/> 
 
Britto, D. T., M. Y. Siddiqi, A.D.M. Glass, and H.J Kronzucker. 2002. Futile transmembrane 
NH4+ cycling: a cellular hypothesis to explain ammonium toxicity in plants. Proc. the Natl. 
Acad. Sci. 98:4255–4258. 
 
Brooks, S. N., and K.R. Keller. 1960. Effect of time of applying nitrogen fertilizer on yield of 
hops. Agron. 1:516–518. 
 
Burton, D.L., B.J. Zebarth, K.M. Gillam, and J.A. Macleod. 2008. Effect of split application of 
fertilizer nitrogen on N2O emissions from potatoes. Canadian J. Soil Sci. 88:229–239. 
 
Darby, H. 2011. Fertility guidelines for hops in the Northeast. Univ. Vermont Ext. Bul. 
 
Dinnes, D.L., D.L. Karlen, D.B. Jaynes, T.C. Kaspar, J.L. Hatfield. 2002. Review and 
interpretation: Nitrogen management strategies to reduce nitrate leaching in tile-drained 
midwestern soils. Agron. 94:153–171. 
 
Dodds, K. 2017. Hops-A guide for new growers. 1st ed. Dept. Primary Industries. NSW, 
Australia. 
 
Fandiño, M., J.L. Olmedo, E.M. Martínez, J. Valladares, P. Paredes, B.J. Rey, M. Mota, J.J. 
Cancela, and L.S. Pereira. 2015. Assessing and modelling water use and the partition of 
evapotranspiration of irrigated hop (Humulus Lupulus), and relations of transpiration with hops 
yield and alpha-acids. Ind. Crops Prod. 77:204–217. 
 
Freibauer, A., M.D.A. Rounsevell, P. Smith, and J. Verhagen. 2004. Carbon sequestration in the 
agricultural soils of Europe. Geoderma. 122:1–23. 
 
Gingrich, C., J. Hart, and N. Christensen. 2000. Hops. Oregon State Univ. Ext. Fert. Guide. 79. 
 
Gioacchini, P., A. Nastri, C. Marzadori, C. Giovannini, L.V. Antisari, and C. Gessa. 2002. 
Influence of urease and nitrification inhibitors on N losses from soils fertilized with urea. Biol. 
Fertility Soils. 36:129–135. 
 
Glibert, P.M., J. Harrison, C. Heil, and S. Seitzinger. 2006. Escalating worldwide use of urea-A 
global change contributing to coastal eutrophication. Biogeochemistry. 77:441–463. 
 
Green, C.T., B. Bekins, S.J. Kalkhoff, R.M. Hirsch, L. Liao, and K.K. Barnes. 2014. Decadal 
surface water quality trends under variable climate, land use, and hydrogeochemical setting in 
Iowa, USA. Water Resource Research. 50:2425–2443. 
 
11 
Hawkesford, M., W. Horst, T. Kichey, H. Lambers, J. Schjoerring, I. Skrumsager, and P. White. 
2012. Functions of macronutrients, p. 135–190. In: Marschner’s mineral nutrition of higher 
plants. 3rd ed. Elsevier, Amsterdam, Netherlands. 
 
Hermanson, R., W. Pan, C. Perillo, R. Stevens, and C. Stockle. 1995. Nitrogen use by crops and 
the fate of nitrogen in the soil and vadose zone. Washington Depart. of Ecology. Lacey, WA. 
 
Huber, D. M., and R.D. Watson. 1974. Nitrogen form and plant disease. Ann. Rev. Phytopathol. 
12:139–165. 
 
Huber, D., V. Römheld, and M. Weinmann. 2012. Relationship between nutrition, plant diseases, 
and pests, p. 283–298. In: Marschner’s mineral nutrition of higher plants. 3rd ed. Elsevier, 
Amsterdam, Netherlands. 
 
Hyatt, C.R., R.T. Venterea, C.J. Rosen, M.L. Wilson, and M.S. Dolan. 2010. Polymer-coated 
urea maintains potato yields and reduces nitrous oxide emissions in a minnesota loamy sand. Soil 
Sci. Soc. Amer. J. 74:419–428. 
 
International Hop Growers Convention. 2017. Economic commission summary reports. Intl. Hop 
Growers Convention. Zalec, Slovenia. 
 
Iskra, A.E., S.R. Lafontaine, K.M. Trippe, S.T. Massie, C.L. Phillips, M.C. Twomey, T.H. 
Shellhammer, and D.H. Gent. 2019. Influence of nitrogen fertility practices on hop cone quality. 
J. Amer. Soc. Brewing Chemists. 77:199–209. 
 
Jordan, N., G. Boody, W. Broussard, J.D. Glover, D. Keeney, B.H. Mccown, G. Mcisaac, M. 
Muller, H. Murray, J. Neal, C. Pansing, R.E. Turner, K. Warner, and D. Wyse. 2007. Sustainable 
development of the agricultural bio-economy. Sci. 316:1570–1571. 
 
Keller, K.R. 1954. Relative value of repeated annual fertilizer applications. Agron. J. 46:535–
537. 
 
Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel. 2006. World map of the Köppen-
Geiger climate classification updated. Meteorologische Zeitschrift. 15: 259–263. 
 
Lairon, D. 2009. Nutritional quality and safety of organic food. Agron. Sustainable Dev. 30:33–
41. 
 
Lam, S.K., H. Suter, A.R. Mosier, and D. Chen. 2017. Using nitrification inhibitors to mitigate 
agricultural N2O emission: a double-edged sword? Global Change Biol. 23:485–489. 
 
Lizotte, E., and R. Sirrine. 2018. Michigan hop management guide. Univ. Michigan Ext. 
 
Maļceva, M., M. Vikmane, and V. Stramkale. 2011. Changes of photosynthesis-related 
parameters and productivity of Cannabis sativa under different nitrogen supply. Environ. Expt. 
Biol. 9:61–69. 
12 
 
Muñoz-Huerta, R.F., and R.G. Guervara-Gonzalez. 2013. A review of methods for sensing the 
nitrogen status in plants: advantages, disadvantages and recent advances. Sensors. 13:10823–
10843. 
 
Neve, R.A. 1991. Hops. 1st ed. Springer, Suffolk, VA.  
 
Palmer, J. 2006. How to Brew: Everything you need to know to brew beer right the first time. 1st 
ed. Brewers Publications, Boulder, CO. 
 
Pistelli, L., B. Ferri, P.L. Cioni, M. Koziara, M. Agacka, and U. Skomra. 2018. Aroma profile 
and bitter acid characterization of hop cones (Humulus lupulus L.) of five healthy and infected 
Polish cultivars. Ind. Crops Products. 124:653–662. 
 
Piwpuan, N., X. Zhai, and H. Brix. 2013. Nitrogen nutrition of Cyperus laevigatus and 
Phormium tenax: Effects of ammonium versus nitrate on growth, nitrate reductase activity and N 
uptake kinetics. Aquatic Bot. 106:42–51. 
 
Poisson, S., D. Musonda, S. Siebert, K. Stoner, L. Guinand, D. Perdue, D. Pimentel, J. Allen, R. 
Linder, P. McLaughlin, R. Salazar, B. Meer, A. Beers, and A. Hawkins. 2006. World agriculture 
and soil erosion. BioScience. 37:277–283. 
 
Randall, G.W., and D.J. Mulla. 2010. Nitrate nitrogen in surface waters as influenced by climatic 
conditions and agricultural practices. J. Environ. Quality. 30:337–344. 
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CHAPTER 2.    NITROGEN FERTILIZATION PROMOTES VEGETATIVE GROWTH 
AND REDUCES α-ACIDS IN HOPS 
Modified from a manuscript and under review for publication in HortTechnology (2020) 
Ashly M. Senske, Christopher J. Currey, and Diana R. Cochran 
Abstract 
Hops (Humulus lupulus L.) are considered an alternative crop for the Midwest region. 
Due to the crops non-traditional status, fertility and management guidelines have not been 
optimized for this region’s environment and soil. The objective of this experiment was to 
determine the optimal concentration of nitrogen (N) for hops grown in Iowa soils. It was 
hypothesized that hop cone yield and quality would increase with increasing concentrations of 
nitrogen fertilizer. To test the hypothesis, an experiment was conducted with seven 
concentrations of N fertilizer applied in split application (before periods of rapid growth) in the 
form of granular urea, with half the application amount applied at each application date. The first 
application of N fertilizer occurred six weeks before 21 June and the second application occurred 
two weeks before 21 June. N rates tested were 0, 50, 100, 150, 200, 250, and 300 lb N∙a–1. In 
2018 yield increased 162% as N increased from 0 to 300 lb N∙a–1. In 2019, yield was unaffected 
by N concentration. In both seasons’ cone quality, defined as the percent α- acids, declined with 
increasing concentrations of N fertilizer. In 2018 α-acids declined 2.5% from the 0 lb N∙a–1 
treatment to the 300 lb N∙a–1 treatment. In 2019 a similar trend was measured with a decline of 
1.6% from the 0 lb N∙a–1 treatment to the 300 lb N∙a–1 treatment. Based on the results of this 
experiment, it can be determined that increasing rates of N fertilizer for yield will lower the α-
acid concentration. In order to balance these parameters, approximately 150 lb N∙a–1 can be 
recommended for hop yards in the central Midwest region in order to optimize yield and quality. 
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Introduction 
Hops (Humulus lupulus L.) are herbaceous perennial plants in the family Cannabaceae. 
The female flowers, called cones, are commonly used for brewing beer due to the presence of α- 
and β- acids in the lupulin glands, which act as a preservative and impart aroma and bitterness 
into the final product (Almaguer et al., 2014; Pistelli et al., 2018). In 2018, the United States 
craft beer industry generated $27.6 billion. This number is projected to increase further in the 
coming years (Brewers Association, 2018). To supplement this growing industry, an estimated 
10.9 million kg of hops, roughly 500 ha, will be needed in the United States by 2020 (Watson, 
2015). Currently, most hop production in the United States is concentrated in Oregon and 
Washington. The increased need for hops to support the craft beer industry will provide 
production opportunities in new regions. The Midwest has a warm temperate climate 
characterized by humidity and warm summers, similar to the traditional growing region, 
Germany (Kottek et al., 2006). Therefore, the region has the potential to fill the growing 
production gap.  
Adequate nitrogen (N) recommendations are necessary because N is an essential mineral 
plant nutrient for agricultural crops and is the main limiting nutrient associated with reduced 
yields (Hawkesford et al., 2012). N is an important building block for amino acids, proteins, 
chlorophyll, and secondary metabolites fundamental to plant functions (Hawkesford et al., 2012). 
When compared to annual systems, perennials tend to have a more extensive, permanent root 
system and a longer growing season, leading to increased N use efficiency (Cox et al. 2006; 
Zhang et al., 2011; Srivastava et al., 2014). For example, in annual crops such as industrial hemp 
(Cannabis sativa), a plant closely related to hops, N concentration recommendations range from 
135 lb N∙a–1 (Vera et al., 2009) to 180 lb N∙a–1 (Aubin et al., 2015). On the other hand, in other 
perennial small fruit crops N concentration recommendation range from 25 lb N∙a–1 to 100 lb 
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N∙a–1 in raspberries (Rubus sp.) to 150 lb N∙a–1 applied in split application for kiwi fruit 
(Actinidia sp.) (Galletta and Himelrick, 1990). Nitrogen recommendations for perennial crops 
need to balance the potential for stored nutrients, residual soil nutrients, and plant requirements 
for maximum yield and quality. Due to differences in climate from the Pacific Northwest, 
specifically differences in precipitation during the growing season and soil types, regional N 
recommendations must be developed for the central Midwest region in order to support 
environmental and economic sustainability for producers.  
Growing hops requires adequate N to maximize quality, defined as the α- and β- acid 
content, as well as yield (Neve, 1991; Iskra et al., 2019). Alpha and β-acids are the compounds 
found in hops that are responsible for providing bitterness, aroma, and preservation properties to 
beer (Almaguer et al., 2014; Neve, 1991; Pistelli et al., 2018). Oregon and Washington N 
recommendations have ranged from 60 to 300 lb N∙a–1 (Keller, 1954; Brooks and Keller, 1960; 
Hermanson et al., 1995; Darby, 2011). Keller (1954) reported that yield increased as N 
application concentration increased from 0 to 300 lb N∙a–1, but no differences existed with more 
than 75 lb N∙a–1, (Keller, 1954). More recently, Hermanson et al. (1995) found that ≈130 lb N∙a–1 
applied in the spring, in Washington, led to maximum yields. Fertilizer concentrations can affect 
quality, as well. A 2019 Pacific Northwest study conducted by Iskra et al. reported that as N 
concentration increased linearly, α-acid concentration decreased. Yield, quality, and soil health 
parameters such as soil organic matter need to be considered when developing N fertilizer 
recommendations. Fertilizer recommendations for hops are limited, especially in Midwestern 
soils. The soils hops are grown on in the Pacific Northwest become dry during the summer 
months. Conversely, Midwestern soils maintain moisture year-round, allowing for higher 
leaching potential (USDA, 2015). Therefore, N recommendations may need to be adjusted to 
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accommodate this difference. To the authors knowledge there are no published fertilizer 
recommendations for hops in the Midwest. 
Hops have the potential to be an economically viable alternative perennial crop in the 
central Midwest region due to the region’s climate and latitude. Nitrogen fertilization guidelines 
need to be set to support the growing industry. Therefore, this experiment aims to help refine 
recommended N concentrations using seven treatments of urea from 0 to 300 lb∙ Na–1, in 50 lb 
N∙a–1 increments, applied in split application to ‘Cascade’ hops in the field. We hypothesized that 
there is an optimal concentration of urea for hops grown in the Midwest.  
 
Materials and Methods 
Hop yard management  
Hop plant liners were planted in June 2015, spaced 3.5 ft apart with 10 ft between rows at 
the Iowa State University Horticulture Research Station (Gilbert, IA) beneath an 18-ft tall 
straight trellis system. The research plot lies on Clarion loam soils, which are deep and well-
drained soils formed by glacial till (USDA, 2005). The average organic matter of the soil is 2%. 
Coconut coir strings were hung from the trellis system after shoot emergence at the beginning of 
each study season. Once bines reached ≈3-ft long, three were manually trained on each string. 
Drip irrigation was installed throughout the hop yard approximately 1-ft above the ground the 
study was irrigated as determined by the primary investigator. Weed control consisted of a pre-
season pre-emergent herbicide application using 3.75 lb∙a–1 of norflurazon (Solicam DF; 
Syngenta, Greensboro, NC) which was watered in immediately after application. After shoot 
emergence from the rootstock, hand-weeding was used when necessary. Chemical pruning was 
conducted using 2.0 oz∙a–1 of carfentrazone-ethyl (Aim Herbicide; FMC, Philadelphia, PA) in 
late May, before bine training, in each study season to moderate growth. Carbaryl (Sevin XLR; 
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NovaSource, Phoenix, AZ) was applied at 1 qt∙a–1 to control the presence of japanese beetles 
(Popillia japonica) when they were spotted in the hop yard. A combination of pyraclostrobin and 
boscalid at a rate of 28 oz∙a–1 (Pristine; BASF Corporation, Research Triangle Park, NC) was 
applied to control downy mildew (Pseudoperonospora humuli) when conditions were favorable 
for disease incidence.   
Weather was monitored continuously on the farm using a weather station (Campbell 
Scientific, Inc., Logan, UT). Temperature and relative humidity were measured using a passively 
aspirated sensor (CS215-L; Campbell Scientific, Inc., Logan, UT) in a solar shield, and soil 
temperature was measured with a soil moisture and temperature sensor (CS655; Campbell 
Scientific, Inc., Logan, UT) placed 12 inches deep in the soil in this experiment. Precipitation 
was measured with a rain gauge (TE525; Campbell Scientific, Inc., Logan, UT). Data were 
logged every 15 min using a data logger (CR 1000; Campbell Scientific, Inc., Logan, UT). Data 
for the 2018 and 2019 seasons are presented in Figure 1. 
 
Fertilizer treatments 
Seven concentrations of N fertilizer in the form of urea (46–0–0; Inter-chem, Ottawa, IL) 
were chosen to determine an optimal concentration: 0, 50, 100, 150, 200, 250, or 300 lb N∙a–1. 
The N source urea was chosen in this study due to the low cost of the product, as well as quick 
release N content to provide N during periods of rapid growth. Granular urea was applied using a 
banded (46-inch-long by 42-inch-wide area around each plant) method. Fertilizer application to 
experimental units occurred in split applications, with half of the total application amount 
applied six weeks before 21 June and the remaining half applied two weeks before 21 June. 
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Fertilizer application timing was chosen to account for known periods of rapid growth (Iskra et 
al., 2019; Neve, 1991).   
 
Data collection 
Relative chlorophyll content was measured bi-weekly starting in June up until harvest 
using a chlorophyll meter soil-plant analysis development (SPAD) meter (SPAD-502Plus; 
Spectrum Technologies, Aurora, IL). Early in the study season, readings were taken on leaves 
large enough to accommodate the sensor, during which time mature leaves were preferentially 
selected when available. Once bines were trained, measurements were taken 3- to 6-ft high on 
the plant. Readings were taken ≈0.5 in from the leaf margin, avoiding the midrib. Measurements 
were taken at approximately 1000 HR every collection date.    
Petiole sap analysis with a NO3
– meter (Laqua Twin Nitrate Meter; Spectrum 
Technologies, Aurora, IL) was measured at a similar frequency to SPAD measurements to 
measure petiole NO3
– -N concentration. Mature leaves were chosen when possible and were 
collected at approximately 0800 HR every collection date. Twenty-five to 30 leaves were 
collected from 3- to 6-ft high on the plant and placed into a paper bag, which was then placed 
into a cooler filled with ice. Samples were prepared by cutting the petiole from the leaf blade and 
then using a garlic press to remove the sap from the petiole, after which measurements were 
immediately taken.    
Soil water samplers (Near Surface Sampler Model 1900L24-B02M2; Soilmoisture Corp., 
Goleta, CA) were installed with the porous cup 24 inches deep and soil water from each 
experimental unit area were collected bi-weekly beginning one week prior to the first fertilizer 
application and ending one week after hops were harvested. Water samples were collected either 
20 
after a rainfall or irrigation event and were tested for NO3
– content using potassium chloride 
extraction analysis performed by an independent commercial lab (Solum, Ames, Iowa). 
Soil samples were collected one week prior to the first fertilizer application, prior to the 
second fertilizer application, and before hops harvest for a total of three sample dates each year. 
Five 1-foot-deep cores were taken from each experimental unit and mixed into a single 
composite sample. Samples were submitted to a commercial lab (Solum, Ames, IA) and NO3
– 
content was measured using a Mehlich-3 analysis.  
Harvest time was determined by collecting composite hop cone samples and measuring 
the percentage of dry matter, as well as the α- and β- acid concentration. Composite samples 
consisted of cones from across treatment in order to assess the maturity of the hop yard, as a 
whole. Dry matter was quantified using a moisture analyzer (Moisture Analyzer HC103; Mettler 
Toledo, Columbus, OH). Following a standard protocol (Method 6; ASBC, 2008), α- and β- acid 
concentrations were determined using 2.5 g of dried, ground hop cones. The dried cones were 
extracted with toluene and shaken at 200 rpm for 30 min followed by a 1-h rest period to allow 
the hops to settle. Immediately following the rest period, 5 mL of the hop-toluene solution was 
diluted with 100 mL of methanol. Three mL of the hop-methanol solution was then diluted with 
50 mL of alkaline methanol. Readings at 355, 325, and 275 nm were then measured using a 
spectrophotometer (Epoch 2; Biotek Instruments, Inc., Winooski, VT). Hop cones were 
harvested from the field when the dry matter was ≈22% and α- and β-acids were ≥ 4.5% and 4%, 
respectively.   
A total of 11 plants compromised each experimental unit. The middle nine plants from 
each experimental unit were harvested, leaving a guard plant on both sides that was not 
harvested. Plants were cut approximately 3 ft from the soil surface and from the top of the trellis. 
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All bines from a single experimental unit were weighed for total fresh weight, then harvested 
using a mobile hop harvester (Hopster 5P; HopsHarvester, Mendon, NY). Any bines too small to 
be run through the harvester were harvested by hand. After the cones were separated from the 
bines, total fresh cone weight was recorded for both those harvested by hand and those from the 
harvester, as was the stripped bine fresh weight.  
If the final cone weight was ≥ 2 kg, a 2-kg sample was taken to be dried. If the final cone 
weight was ≤ 2 kg, all cones were taken to be dried. Cones were dried in onion sacks. A 100-g 
subsample was taken to determine dry matter and target dry weight for the 2 kg sample. Cones 
were taken to an industrial dryer (Agricultural Engineering and Agronomy Research Farm, 
Boone, IA) and dried to approximately 8% to 12% moisture content, as per industry standard. 
Drying occurred over the course of 12 h at 60-˚C, with an airspeed of approximately 1 mph 
(Krofta et al., 2008). Airspeed was measured using an anemometer (Kestrel 3000; Kestrel 
Instruments, PA). After drying, final dry weights were recorded and cones were placed into 
mylar bags, vacuumed sealed, and placed into a 45-˚F cooler to maintain freshness until quality 
analysis could occur (Canbaş et al., 2001; Mikyška & Krofta, 2012). Dried cones were ground 
and analyzed for their final α- and β- acid content, using the method previously described. After 
harvest, stems were collected from the base of the middle three plants from each experimental 
unit and were approximately 6-inches-long. These were analyzed for their NO3
–-N concentration 
(AgSource, Lincoln, NE).  
 
Experimental design and statistical analyses 
This experiment was conducted using a randomized complete block design with five 
blocks. Each replication consisted of nine samples (individual plants) surrounded by a guard 
plant on each side. Soil, soil water, relative chlorophyll, and petiole sap NO3
– were all measured 
22 
for each replication, for a total of five samples per treatment and 45 samples per sampling event. 
Statistical analyses were performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC) and 
PROC GLM to perform regression analyses. For repeated measure analyses, PROC MIXED with 
an AR1 model was used and treatments were treated as categorical. When variances in the raw 
data were unequal, a log transformation was used.  
 
Results 
 The average median weekly temperatures for the 2018 season were on average, higher 
than those in the 2019 season (Fig. 1, A). Similarly, soil temperature at 12 inches deep was lower 
in 2019 than 2018 for much of the study period (Fig. 1, D). Precipitation in both seasons was 
relatively similar on a weekly basis, except for high amounts of rain in the third and fourth study 
weeks of 2019 (Fig. 1, B). Relative humidity was lower in the first five weeks of the 2018 
season, after which it was similar in both years (Fig. 1, C).   
Mean relative chlorophyll readings for each treatment in both seasons increased from the 
first sampling event to the last sampling event, except for the 0 lb N∙a–1 treament (Fig. 2). For 
example, in the 2018 season, for the 150 lb N∙a–1 treatment, average SPAD readings increased 
from 39.4 on the first sampling event to 47.9 on the final sampling event. In the following season 
(2019), the average SPAD reading for the same treatment, increased from 27.3 at the first 
sampling event to 51.7 at the final sampling event. Within each sampling event, regression 
analysis was performed. In 2018, for sampling events two through five, average SPAD readings 
increased quadratically with increasing N concentration. The same trend occurred in 2019 within 
sampling events four through six. 
Petiole sap NO3
– concentration decreased from the first reading to the last reading in both 
seasons (Fig. 3). Other than the first and last reading, sampling event did not affect petiole sap 
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NO3
– concentration in either year. For example, in 2018, for the 150 lb N∙a–1 treatment, average 
petiole sap NO3
– concentration decreased from 1520 at the first sampling event to 394 at the final 
sampling event. Similarly, in the 2019 season, for the 150 lb N∙a–1 N concentration, average 
petiole sap NO3
– concentration decreased from 1800 at the first sampling event to an average 
petiole sap NO3
– concentration of 358 at the final sampling event. Regression analysis was 
performed within each sampling event. In the 2018 field season, within every sampling event 
petiole sap NO3
– increased quadratically with increasing N concentration. The same trend 
occurred in the 2019 field season within sampling events two through five. 
 In 2018, soil NO3
– concentration decreased for only the 0 lb N∙a–1 treatment, from 13.34 
ppm at the beginning of the season to 4.13 ppm at the end of the season, while in 2019 soil NO3
– 
concentration was unaffected by sampling date (Fig. 4). Within each sampling event, regression 
analysis was performed. For the second sampling event of the 2018 season, soil NO3
– 
concentration increased quadratically from the lowest N treatment to the highest N treatment. For 
the final sampling event of the 2018 season, soil NO3
– concentration increased linearly from the 
lowest N treatment to the highest N treatment. In the 2019 season, soil NO3
– concentration 
increased quadratically on the second sampling event from the lowest N treatment to the highest 
N treatment.  
In both years, sampling date did not affect soil water NO3
– concentrations (Fig. 5). 
Regression analysis was performed within each sampling event. For sampling events two and 
eight in the 2018 season, soil water NO3
– concentration increased quadratically from the lowest 
N treatment to the highest N treatment. For the fourth sampling event in the 2018 season, soil 
water NO3
– concentration increased linearly from the lowest N treatment to the highest N 
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treatment. In the 2019 season, for sampling events four and five, soil water NO3
– concentration 
increased quadratically from the lowest N treatment to the highest N treatment. 
In 2018, hop cone yield was affected by N concentration, in the 2019 field season hop 
cone yield was unaffected. In 2018, there was a 39% increase in hop cone yield, from 272.3 lb 
N∙a–1 to 444.7 lb N∙a–1, as N increased from 0 to 300 lb N∙a–1 (Fig. 6), while cone yield was 
unaffected by N in 2019. Mean fresh bine weight increased linearly from 6.6 to 11.7 lb in 2018, 
and from 3.3 to 7.5 lb in 2019 as N concentration increased from 0 to 300 lb N∙a–1 (Fig 7). 
Stem NO3
– concentration (Fig. 8) from the 2018 season post-harvest stem samples 
showed no trend. At the 0 lb N∙a–1 treatment, stem NO3
– concentration was 122.7 ppm, while at 
the 300 lb N∙a–1 stem NO3
– concentration was 204.0 ppm, but at the 150 lb N∙a–1 treatment it was 
94.9 ppm. There was no trend in the 2019 field season. At 0 lb N∙a–1, stem NO3
– concentration 
was 77.3 ppm, while at 300 lb N∙a–1 it was 503.6 ppm, but at 150 lb N∙a–1 it was 163.0 ppm. 
Despite the average increase from the lowest to the highest N treatment, the results were not 
statistically significant.  
Alpha acids were affected by N concentration, whereas beta acids were not. In 2018 the 
percent α-acids decreased linearly from 7.2% at the 0 lb N∙a–1 treatment to 4.7% at 300 lb N∙a–1, 
however percent β-acids remained stable regardless of N concentration (Fig. 9). This trend 
continued in 2019. Percent α-acids decreased linearly from 9.5% at the 0 lb N∙a–1 treatment to 
7.9% at the 300 lb N∙a–1 treatment. The percentage of β-acids remained stable across treatments 
in 2019. 
 
Discussion 
 The objective of this study was to determine the validity of N concentration 
recommendations from the Pacific Northwest in Midwest soils, and to form adequate N 
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concentration recommendations while monitoring environmental conditions for hop growers in 
our region. Based on the overall results, an increase in yield was observed in response to 
increasing N concentration in 2018. Conversely, the percentage of α-acids present decreased 
with increasing N concentration. No response was observed of N concentration on petiole sap 
NO3
– levels, relative chlorophyll levels, soil NO3
–, or soil water NO3
– levels. 
A decline in the percentage of α-acids with increasing N concentration occurred in both 
study years. This can cause a decrease in the salability and price a grower can receive for a crop, 
as α-acids are the main chemical associated with the brewing of beer and growers are often 
contracted based on α-acid production (Iskra et al., 2019). This trend was described by Iskra et 
al. (2019) and has also been described in industrial hemp production (Maļceva et al., 2011), an 
annual plant in the Cannabaceae family, along with hops. This inverse relationship is potentially 
due to a shift towards amino acid and protein synthesis, and away from secondary metabolite 
synthesis, at higher fertilizer concentrations (Maļceva et al., 2011). Another potential cause may 
be a decrease in the number of lupulin glands present in the hop cones at the highest N 
concentrations (Sabo et al., 2001). Because lupulin glands develop as the hop cone matures, 
perhaps cone maturation is occurring a slower rate at higher N concentrations (Patzak et al., 
2015). The percentage of β-acids was unaffected by fertilizer concentration in both study years. 
Both α- and β-acids are present in the lupulin glands of hop cones, therefore they are expected to 
be similarly affected by N concentration. The lack of effect on β-acids may indicate a gap in the 
knowledge on differences in the biosynthesis pathways for these two compounds. 
 The effect of N concentration on yield was not consistent; yields were either promoted 
(2018) or unaffected (2019) by N. The promotive effect of increased N concentration has been 
described in previous research conducted in the Pacific Northwest region (Keller 1954; Iskra et 
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al., 2019). The increase in yield as a result of increasing N concentration may have been due to 
an increase in photosynthetic activity and biomass accumulation, thereby leading to either more 
cones at the highest N concentrations, or larger cones (Williams and Miller, 2001; Hawkesford et 
al., 2012). In the 2019 field season, relative humidity was higher in the first five weeks compared 
to 2018. Additionally, in the third and fourth study weeks of 2019, precipitation was higher than 
that in 2018. This increase in precipitation and relative humidity may have contributed to an 
increase in disease pressure, particularly downy mildew (Pseudoperonospora humuli) pressure. 
Downy mildew causes stunting, shortened internodes, and downward-curled leaves (Woods and 
Gent, 2016). This caused a precipitous decline in average height across the entire study. The 
average plant height in 2018 was 12.6 ft on 21 June. On the same day in 2019, the average plant 
height was 6.2 ft. This height decline caused by increased disease pressure resulted in a 36.9% 
decrease in yield between growing seasons. It is important to note, that non-cone biomass, the 
bine weight after harvest, increased with increasing N concentration in both years. This indicates 
a promotive effect of N on vegetative growth, even during an abnormal growing season. 
 In 2018 and 2019, petiole sap NO3
– increased quadratically from the lowest treatment to 
the highest treatment within each sampling event except on the first sampling event of the 2019 
season. There was no effect of sampling event on petiole sap NO3
– concentration. The same 
trend occurred in relative chlorophyll content for sampling events two through five in the 2018 
season, and sampling events four through six in the 2019 season. Petiole sap is used to rapidly 
determine the nitrogen status of plants in a timely and cost-effective manner and is an alternative 
to testing dried tissue samples for annual crops. Petiole sap NO3
– concentrations correlate well 
with dried tissue analyses in various annual plants, such as tomatoes (Solanum lycopersicum) and 
eggplant (Solanum melongena) (Gangaiah et al., 2016). However, the relationship between 
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petiole sap NO3
– and hop N status is not clear. Similarly, leaf N status can be efficiently 
estimated by measuring relative chlorophyll content with a SPAD meter. It is a generally 
accepted practice in agronomic annual crops such as rice (Oryza sativa), corn (Zea mays), and 
wheat (Triticum aestivum) (Sim et al., 2015). Its validity and correlation to leaf N status has not 
been thoroughly studied in hops. Based on current data, it is still unknown if these measurements 
can be used by growers to determine the nitrogen status of their hop yard. Future research should 
assess the efficacy of petiole sap analysis and SPAD in hop production, their relationship to dried 
tissue analysis, and their potential to determine fertilizer requirements. 
 No trends were observed in soil water and soil NO3
– in either study year in response to N 
fertilization or sampling date. This may have been influenced by instillation depth. Future 
research may consider an installation depth below the root zone in order to track NO3
– leaching, 
as opposed to mobile NO3
– (Lord and Shepherd, 1993; Owens et al., 1995). Nitrate leaching data, 
in combination with soil NO3
– data could estimate actual N uptake rate at the various N 
concentrations. This data could clarify if all N was taken up by all treatments, or if a portion of 
applied N was lost to the environment, particularly at the highest N concentrations. This would 
allow for more specific, and more environmentally sustainable N recommendations for the 
region. 
Based on the experimental results, 150 lb N∙a–1 of urea for hop yards in Iowa may be 
recommended. Our recommendation is consistent with previous research and previous 
recommendations from other regions (Keller, 1954; Hermanson et al., 1995; Iskra et al., 2019). It 
also takes into account the need for obtaining optimal α-acid content in the final dried cones. 
Timing of fertilizer applications and environmental influences on N uptake in hops needs to be 
further investigated. Specifically, other sources of N, the best time to apply fertilizer and if split-
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application is better than single application. Methods of determining the N status of the crop, 
particularly SPAD, also need to be developed in order to provide optimal fertility management in 
real time. This can be done by relating SPAD levels to tissue N concentrations.  
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Figures 
 
Figure 1. Median temperature (A), precipitation (B), relative humidity (C), and soil temperature 
at a 12 in depth (D) for ‘Cascade’ hops treated with 0 lb N∙a–1 to 300 lb N∙a–1, in 50 lb N∙a–1 
increments in 2018 (solid line) and 2019 (dashed line). 
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Figure 2. Relative chlorophyll concentration for ‘Cascade’ hops treated with 0 lb N∙a–1 to 300 lb 
N∙a–1, in 50 lb N∙a–1 increments, in 2018 (A) and 2019 (B). Only three treatments (0, 150, and 
300 lb N∙a–1) are shown for clarity. Readings were taken bi-weekly from the start of season 
(Sampling event 1) until just before harvest (Sampling event 5), with 20 readings per 
experimental unit. Readings were averaged per experimental unit, and then over each N 
treatment for each sampling event. Regression analyses were performed within each sampling 
event across all five N treatments. Non-significant or significant quadratic regression are 
represented by NS and Q, respectively. * and *** represent significant at P ≤ 0.05 and 0.001, 
respectively. Symbols represent the mean of five replications and bars represent standard error. 
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Figure 3. Petiole sap nitrate (NO3
–) concentration for ‘Cascade’ hops treated with 0 lb N∙a–1 to 
300 lb N∙a–1, in 50 lb N∙a–1 increments, in 2018 (A) and 2019 (B). Only three treatments (0, 150, 
and 300 lb N∙a–1) are shown for clarity. Readings in both seasons started after the first fertilizer 
application. The second reading was taken after the second fertilizer application. Regression 
analyses were performed within each sampling event across all five N treatments. Non-
significant or significant quadratic regression are represented by NS and Q, respectively. ** and 
*** represent significant at P ≤ 0.01 and 0.001, respectively. Symbols represent the mean of five 
replications and bars represent standard error. 
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Figure 4. Soil nitrate (NO3
–) concentration for ‘Cascade’ hops treated with 0 lb N∙a–1 to 300 lb 
N∙a–1, in 50 lb N∙a–1 increments, in 2018 (A) and 2019 (B). Only three treatments (0, 150, and 
300 lb N∙a–1) are shown for clarity. Sampling was conducted on each experimental unit before 
the first fertilizer application (1), before the second fertilizer application (2), and before harvest 
(3). Regression analyses were performed within each sampling event across all five N 
treatments. Non-significant or significant linear and quadratic regression are represented by NS, 
L, and Q, respectively. * and *** represent significant at P ≤ 0.05 and 0.001, respectively. 
Symbols represent the mean of five replications and bars represent standard error. 
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Figure 5. Soil water nitrate (NO3
–) concentration for ‘Cascade’ hops treated with 0 lb N∙a–1 to 
300 lb N∙a–1, in 50 lb N∙a–1 increments, in 2018 (A) and 2019 (B). Only three treatments (0, 150, 
and 300 lb N∙a–1) are shown for clarity. Sampling started pre-fertilization (1) and continued to 
post-harvest (9). Regression analyses were performed within each sampling event across all five 
N treatments. Non-significant or significant linear and quadratic regression are represented by 
NS, L, and Q, respectively. * and ** representing significant at P ≤ 0.05 and 0.01, respectively. 
Symbols represent the mean of five replications and bars represent standard error. 
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Figure 6. Dry yield per acre of ‘Cascade’ hops treated with 0 lb N∙a–1 to 300 lb N∙a–1, in 50 lb 
N∙a–1 increments, in 2018 (closed circles) and 2019 (open circles). Total dry cone yield per 
experimental unit was divided by the number of live plants and then multiplied by 1000 to 
estimate yield per acre. * represents significant at P ≤ 0.05. Symbols represent the mean of five 
replications, bars represent standard error. 
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Figure 7. Post-harvest bine weight of ‘Cascade’ hops treated with 0 lb N∙a–1 to 300 lb N∙a–1, in 50 
lb N∙a–1 increments, in 2018 (closed circles) and 2019 (open circles). ** represents significant at 
P ≤ 0.01. Symbols represent the mean of five replications and bars represent standard error. 
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Figure 8. Post-harvest stem nitrate (NO3
–) concentration of ‘Cascade’ hops treated with 0 lb N∙a–
1 to 300 lb N∙a–1, in 50 lb N∙a–1 increments, in 2018 (closed circles) and 2019 (open circles). 
Symbols represent the mean of five replications and bars represent standard error. 
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Figure 9. Alpha and β-acid concentrations for ‘Cascade’ hops treated with 0 lb N∙a–1 to 300 lb 
N∙a–1, in 50 lb N∙a–1 increments in 2018 (A) and 2019 (B). The optimal range for α-acids in 
‘Cascade’ hops is 4.5% to 7.0%; for β-acids the optimal range is 5% to 7.0%. Symbols represent 
the mean of five replications, bars represent standard error. ** represents significant at P ≤ 0.01.                                                                                                                                            
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CHAPTER 3.    QUANTIFYING THE EFFECT OF DIFFERENT NITROGEN 
FERTILIZERS ON ‘CASCADE’ HOP GROWTH, YIELD, AND CONE QUALITY IN 
IOWA SOILS 
Modified from a manuscript and under review for publication in HortTechnology (2020) 
Ashly M. Senske, Christopher J. Currey, and Diana R. Cochran 
Abstract 
Hops (Humulus lupulus) are considered a viable alternative perennial crop for the 
Midwest region due to increased interest in local hops for locally produced beer. Due to the 
crops non-traditional status in the region, nitrogen (N) fertilization guidelines have not been 
refined for the Midwest’s climate and soil. The objective of this experiment was to determine the 
optimal form of N fertilizer for hops grown in Iowa soils. It was hypothesized that a nitrate 
(NO3
–) based fertilizer would promote biomass accumulation. To test the hypothesis, an 
experiment was conducted with five combinations of N fertilizer applied in split-application at 
150 lb N∙a–1. The combinations were made up of calcium nitrate (CN), urea ammonium nitrate 
(UAN), and urea (U) and applied in the following combinations (first application-second 
application): CN-CN, CN-UAN, U-U, U-UAN, and UAN-UAN at 75 lb N∙a–1 per application. 
Overall, the CN-UAN and the CN-CN treatments had the highest yields in 2018. Quality, 
defined as the α- and β-acid concentration in final product, was unaffected by fertilizer treatment. 
Based on the results of this experiment, a NO3
– -based fertilizer can be recommended to support 
the accumulation of biomass and increase yield. Hop quality does not differ based on form of N 
fertilizer.  
Introduction 
Hops (Humulus lupulus) are dioecious perennial climbing plants in the family 
Cannabaceae. The female flowers, referred to as strobili or, more commonly, cones, produce 
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lupulin glands containing α- and β-acids. Hops and their associated compounds are 
predominately used for brewing beer and impart bitterness, aroma, and preservation properties 
into the final product (Almaguer et al., 2014; Pistelli et al., 2018). In 2018, the craft beer industry 
generated $27.6 billion in the United States alone and is projected to increase further in the 
coming years. As of 2018, Iowa had 94 craft breweries across the state, generating 120,755 
barrels of craft beer (Brewers Association, 2018). Consequently, local hops may be sought-after 
to support local craft beer production. However, hops are grown in Germany and the Pacific 
Northwest region of the United States (Neve, 1991). The Midwest, which has a warm-temperate 
climate similar to Germany’s and a suitable latitude to fulfill photoperiod requirements for 
flowering, has the potential to fill this gap (Kottek et al., 2006; Neve, 1991). Due to the Midwest 
being a non-traditional growing region, there is a lack of research creating a gap in production 
guidelines specific to our environment and soil, specifically a lack of nitrogen (N) 
recommendations. In order to support the growth of this specialty crop in the region, N 
fertilization guidelines, specifically N form guidelines, need to be set.  
 N is an essential mineral plant nutrient and the main limiting nutrient associated with 
reduced yields in agricultural and horticultural crops (Hawkesford et al., 2012). As such, N 
fertilizers are commonly applied to crops to promote growth and yield, predominately in the 
form of urea (U) (Glibert et al., 2006). Other N fertilizers, containing other forms of N and 
combinations of N are available, and may be more suitable for hop production than urea. For 
example, UAN is a solution of urea, ammonium, and nitrate, and therefore supplies plants with 
three forms of N: U, NH4
+, and NO3
–. Conversely, calcium nitrate (CN) supplies plants with only 
one form of N: NO3
–. The type of N fertilizer, and N form can influence plant N uptake, which is 
not only limited by available N, but also by available N form (Hawkesford et al., 2012). 
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Typically, the predominant form of N in cultivated soils is nitrate (NO3
–) due to microbial 
conversion from ammonium (NH4
+) (Piwpuan et al., 2013). Due to its ability to move along an 
electrochemical gradient NH4
+ requires less energy for uptake than NO3
– however, high NH4
+ 
concentrations can be toxic. Toxicity may be due to the inability of the plant to regulate 
intracellular and/or rhizosphere pH under high NH4
+ conditions (Britto et al., 2002). As a result, 
N form needs to be taken into consideration when creating fertility management guidelines. 
Many plants have a physiological preference for N provided as either NO3
– or NH4
+ 
(Boudsocq et al., 2012; Williams and Miller, 2001). N fertilizer preference is determined by 
genotype, available N, or environmental conditions. Crop quality can also be affected by N form 
and, therefore, plays a role in the decision to provide a crop NH4
+, NO3
–, or a combination (Heeb 
et al., 2005; Walch-Liu et al, 2000; Wang and Macko, 2011). For example, when tomato 
(Solanum lycopersicum) is grown with NH4
+ instead of NO3
–, it exhibits an improved taste, 
potentially due to a shift in secondary metabolite production increasing the concentrations of 
compounds that influence flavor (Heeb et al., 2005). On the other hand, when tobacco (Nicotiana 
tabacum L.) plants are supplied NH4
+ instead of NO3
–, shoot and root biomass is diminished, 
potentially due to insufficient NO3
–  to support growth and not NH4
+ toxicity (Walch-Liu et al., 
2000). Supplying a mixture of NO3
– and NH4
+ may allow plants to better-regulate N uptake, as 
well as partition biomass and secondary metabolite production appropriately (Piwpuan et al., 
2013; Walch-Liu et al., 2000). Therefore, the need for biomass versus secondary metabolite 
production may need to be considered when choosing an N fertilizer.  
N fertilizer preference has not been thoroughly studied in hops, nor has the effect of 
various N fertilizers containing different forms of N on yield or final hop cone quality, defined as 
the percentage of α- and β-acids. A pilot study by Christensen (1993) found a NO3
– based 
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fertilizer may be more readily taken up by hops than an NH4
+ based fertilizer when they were 
applied at the same time and at the same concentration, but the effect of N form on cone quality 
was not investigated. In order to efficiently and effectively fertilize hops grown in Midwest soils, 
N fertilizer type recommendations need to be developed in order to fill this gap in the literature.  
 Hops have the potential to be a viable alternative perennial crop in the central Midwest 
region and therefore N fertilization guidelines need to be set. Applying the incorrect form of N 
fertilizer may lead to a reduction in quality and yield. Therefore, this experiment aims to help 
refine N fertilizer preference for hops using five different combinations of N sources: calcium 
nitrate [Ca(NO3)2], ammonium nitrate (NH4NO3), and U applied in split application to ‘Cascade’ 
hops in the field at a concentration of 150 lb N∙a-1. We hypothesized that a NO3
–-based fertilizer 
would have a promotive effect on yield and quality in hops.   
  
Materials and Methods 
Hop yard management  
Hop plant liners were planted in June 2015, spaced 3.5-ft apart with 10-ft between rows 
at the Iowa State University Horticulture Research Station (Ames, IA) beneath an 18-ft-tall 
straight trellis system. The research plot lies on Clarion loam soils, which are deep and well-
drained, neutral pH soils formed by glacial till (USDA, 2005). Coconut coir strings were hung 
from the trellis system after shoot emergence in both seasons and three bines were manually 
trained on each string once they reached ≈3-ft long. Drip irrigation was installed throughout the 
hop yard approximately 1-ft above the ground and was irrigated as determined by the primary 
investigator. Weed control consisted of a pre-season pre-emergent herbicide application using 
3.75 lb∙a–1 of norflurazon (Solicam DF; Syngenta, Greensboro, NC) which was watered in 
immediately after application. After shoot emergence from the rootstock, hand-weeding was 
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used when necessary. Chemical pruning was conducted using 2.0 oz∙a–1 of carfentrazone-ethyl 
(Aim Herbicide; FMC, Philadelphia, PA) in late May, before bine training, in each study season 
to moderate growth. Carbaryl (Sevin XLR; NovaSource, Phoenix, AZ) was applied at 1 qt∙a–1 to 
control the presence of japanese beetles (Popillia japonica) when they were spotted in the hop 
yard. A combination of pyraclostrobin and boscalid at a rate of 28 oz∙a–1 (Pristine; BASF 
Corporation, Research Triangle Park, NC) was applied to control downy mildew 
(Pseudoperonospora humuli) when conditions were favorable for disease incidence.   
Weather was monitored continuously at the location using a weather station (Campbell 
Scientific, Inc., Logan, UT). Temperature and relative humidity were measured using a passively 
aspirated sensor (CS215-L; Campbell Scientific, Inc., Logan, UT) in a solar shield, and soil 
temperature was measured with a soil moisture and temperature sensor (CS655; Campbell 
Scientific, Inc.) placed 12-in-deep in the soil. Precipitation was measured with a rain gauge 
(TE525; Campbell Scientific, Inc.). Data were logged every 15 min using a data logger (CR 
1000; Campbell Scientific, Inc.). Data for the 2018 and 2019 seasons are presented in Figure 1. 
 
Fertilizer treatments 
Three forms of N fertilizer were used in five combinations to determine the optimal form 
of N fertilizer at a concentration of 150 lb N∙a–1. Fertilizer application to experimental units 
occurred in split applications, with half of the total application amount applied six weeks before 
21 June and the remaining half applied two weeks before 21 June. Fertilizer application timing 
was chosen to account for known periods of rapid growth (Iskra et al., 2019; Neve, 1991). 
Fertilizer was banded in an area approximately 46-in-long by 42-in-wide per plant. A nitrogen 
stabilizer, nitrapyrin (Instinct II; Corteva, Wilmington, DE), was applied the day before each 
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fertilizer application using a CO2 backpack sprayer, at a rate of 37 oz∙a
–1. The application was 
banded in the same area as the fertilizer. The three forms of N fertilizer were granular calcium 
nitrate (CN) (Ca(NO3)2) (15–0–0; Yara, Tampa, FL), liquid urea ammonium nitrate (UAN) 
(NH4NO3) (34–0–0; Key Cooperative, Story City, IA), and granular urea (U) (46–0–0; Inter-
chem, Ottawa, IL) in the combinations (first application-second application): CN-CN, CN-UAN, 
U-U, U-UAN, and UAN-UAN applied at a rate of 75 lb N∙a–1, per application.  
 
Data collection 
Relative chlorophyll content was measured bi-weekly using a soil-plant analysis 
development (SPAD) meter (SPAD-502 Plus; Spectrum Technologies, Aurora, IL). Early in the 
season, readings were taken on leaves large enough to accommodate the sensor, during which 
time mature leaves were preferentially selected when available. Once bines were trained, 
measurements were taken 3- to 6-ft high on the plant. Readings were taken ≈0.5 in from the leaf 
margin, avoiding the midrib. Measurements were taken at ≈1000 HR every collection date.    
Petiole sap analysis with a NO3
– meter (Laqua Twin Nitrate Meter; Spectrum 
Technologies, Aurora, IL) was done bi-weekly to measure petiole NO3
– concentration. Mature 
leaves were chosen when possible and were collected at approximately 0800 HR every collection 
date. Twenty-five to 30 leaves were collected from 3- to 6-ft high on the plant and placed into a 
paper bag, which was then placed into a cooler filled with ice. Samples were prepared by cutting 
the petiole from the leaf blade and then using a garlic press to remove the sap from the petiole, 
after which measurements were immediately taken.    
Soil samples were collected at three different sampling dates: 1) one week prior to the 
first fertilizer application; 2) prior to the second fertilizer application; and 3) before harvest. Five 
1-ft-deep cores were taken within each experimental unit and mixed into a single composite 
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sample on each sampling date. Samples were submitted to a commercial lab (Solum, Ames, IA) 
and NO3
– concentration was measured using a Mehlich-3 analysis.  
Harvest time was determined by collecting composite hop cone samples and measuring 
the percentage of dry matter, as well as the α- and β- acid concentration. Dry matter was 
quantified using a moisture analyzer (Moisture Analyzer HC103; Mettler Toledo, Columbus, 
OH). Following a standard protocol (Method 6; ASBC, 2008), α- and β- acid concentrations 
were determined using 2.5 g of dried, ground hop cones. The dried cones were extracted with 
toluene and shaken at 200 rpm for 30 min followed by a 1-h rest period to allow the hops to 
settle. Immediately following the rest period, 5 mL of the hop-toluene solution was diluted with 
100 mL of methanol. Three mL of the hop-methanol solution was then diluted with 50 mL of 
alkaline methanol. Readings at 355, 325, and 275 nm were then measured using a 
spectrophotometer (Epoch 2; Biotek Instruments, Inc., Winooski, VT). Hop cones were 
harvested from the field when the dry matter was ≈22% and α- and β-acids were ≥ 4.5% and 4%, 
respectively.   
The middle nine plants from each experimental unit were harvested and measured 
together. Plants were cut approximately 3-ft from the soil surface and from the top of the trellis. 
Bines from a single experimental unit were weighed for total fresh weight, then harvested using a 
mobile hop harvester (Hopster 5P; HopsHarvester, Mendon, NY). Any plants too small to be run 
through the harvester were harvested by hand. After the cones were separated from the bines, 
total fresh cone weight was recorded, as was the stripped bine weight.  
If the final cone weight was ≥ 2 kg, a 2-kg sample was taken to be dried. If the final cone 
weight was ≤ 2 kg, all cones were taken to be dried. A 100-g subsample was taken to determine 
dry matter and target dry weight for the 2-kg sample. Cones were dried in onion sacks with an 
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industrial dryer (Agricultural Engineering and Agronomy Research Farm, Boone, IA) and dried 
to approximately 8% to 12% moisture content as per industry standard. Drying occurred over the 
course of 12 h at 60-°C, with an airspeed of approximately 1 mph (Krofta et al., 2008). Airspeed 
was measured using an anemometer (Kestrel 3000; Kestrel Instruments, PA). After drying, final 
dry weights were recorded and cones were placed into mylar bags, vacuumed sealed, and placed 
into a 45-˚F freezer to maintain freshness until quality analysis could occur (Canbaş et al., 2001; 
Mikyška & Krofta, 2012). Dried cones were ground and analyzed for their final α- and β- acid 
content, using the method previously described. Stems were collected after hops were harvested 
from the base of the middle three plants from each experimental unit and were approximately 6-
in long. These were analyzed for their NO3
–-N concentration (AgSource, Lincoln, NE).  
 
Experimental design and statistical analyses 
This experiment was conducted using a completely randomized design with four 
replications per treatment. Each experimental unit consisted of nine individual plants combined 
to comprise each experimental unit. Statistical analyses were performed using SAS version 9.4 
(SAS Institute, Inc., Cary, NC) and PROC GLM to preform means separation. Fisher’s Least 
Significant Difference test was used to determine treatment differences at 0.05 level of 
significance.  
 
Results 
 The average median weekly air temperature for the first five weeks of 2018 was warmer 
than in 2019 (Fig 1, A). Similarly, soil temperature was lower in 2019 than in 2018 (Fig 1, B). 
Precipitation in both seasons was similar on a weekly basis, except for more rain in the third and 
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fourth study weeks of 2019 (Fig 1, C). Relative humidity was lower in the first five weeks of 
2018, after which it was similar in both study years (Fig 1, D).   
Petiole sap NO3
– decreased from the first sampling event to the last sampling event in 
both years (Table 1). In 2018 for the CN-CN treatment petiole sap NO3
– decreased by 1272 ppm 
from the first sampling event to the final sampling event. In 2019 for the same treatment, petiole 
sap NO3
– decreased by 1482 ppm over the course of the season. In 2018, for the UAN-UAN 
treatment, petiole sap NO3
– decreased by 1410 ppm from the first sampling event to the final 
sampling event. In 2019 it decreased by 1587 ppm over the course of the season. Differences 
were also calculated across treatments within sampling events. On the first sampling event in 
2018 the UAN-UAN treatment had the highest petiole sap NO3
– concentration at 1675 ppm, in 
2019 it had the lowest at 1700 ppm. On sampling event four in both years, the U-UAN treatment 
had the highest petiole sap NO3
– concentration, at 1067 ppm and 2175 in 2018 and 2019, 
respectively. This was also the case for sampling event three in 2018. Within sampling events 
two and five in both years, no treatment differences were observed. 
Overall, within both seasons, average relative chlorophyll readings increased from the 
first sampling event of the season to the final sampling event of the season (Table 2). For 
example, for the CN-CN treatment SPAD increased by 9.5 in 2018 and increased by 29.7 in 
2019 from the first sampling event to the final sampling event. In 2018 for the UAN-UAN 
treatment, SPAD increased by 9.2 from the first sampling event to the final sampling event. In 
2019, for UAN-UAN treatment, SPAD increased by 21.3 over the same sampling events. Within 
sampling events across treatments no statistical differences were observed within the first and 
second sampling events in both years. In 2018 for sampling events three through five, the UAN-
UAN treatment had the lowest SPAD reading. For sampling events four and five in the same 
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year, the U-UAN treatment had the highest SPAD readings. For sampling event five, the UAN-
UAN and U-UAN trends were the same in both years with the U-UAN treatment having the 
highest SPAD reading, and the UAN-UAN treatment having the lowest. 
In 2018 soil NO3
– concentration was statistically unaffected by fertilizer treatments 
(Table 3). In 2019, for the first sampling event, which occurred before the initial fertilizer 
application, no treatment differences were observed. For the second and third sampling events in 
2019, the U-UAN treatments resulted in the highest soil NO3
– concentrations, with 27.8 ppm and 
8.6 ppm respectively. On the third sampling event in 2019, which occurred after the final 
fertilizer application, the CN-CN treatment had the lowest soil NO3
– concentration at 5.3 ppm. 
For all treatments in 2019 soil NO3
– concentrations were highest on the second sampling event, 
which was taken in between the first and second fertilizer applications. Sampling event had no 
effect in 2018. 
Soil NH4
+ concentration was affected by N fertilizer treatment within sampling events 
two and three in 2018 (Table 4). On sampling event two, the UAN-UAN treatment had the 
highest soil NH4
+ concentration at 1.9 ppm. Conversely, on the final sampling event the UAN-
UAN treatment had the lowest soil NH4
+ concentration at 0.8 ppm. In 2019 treatment only 
effected soil NH4
+ concentration on sampling event two with the CN-UAN treatment having the 
highest soil NH4
+ concentration at 1.9 ppm. Differences were observed across sampling events 
for the UAN-UAN and U-U treatments in 2019. The UAN-UAN treatment had the highest soil 
NH4
+ concentration on the final sampling event at 4.2 ppm. The U-U treatment was highest on 
the first sampling event with a soil NH4
+ concentration of 2.4 ppm. There was no effect of 
sampling event in 2018. 
50 
In 2018 the CN-UAN, and CN-CN treatments produced the highest dry yield compared 
to all other treatments, whereas the UAN-UAN treatment resulted in the lowest dry yield (Table 
6). Conversely, estimated yield per acre was unaffected by treatment in the 2019. After harvest 
bine weight was greatest for the CN-CN treatment in 2018. The UAN-UAN treatment had a 
lower bine weight than all other treatments in that same year. In 2019 bine weight after harvest 
was unaffected by fertilizer treatment. Post-harvest stem NO3
– was unaffected by treatment or 
year with an average concentration of 138.4 ppm across both years and all treatments (Table 5). 
Alpha and β- acid concentrations were unaffected by fertilizer treatment in both years. There was 
an effect of year on α-acid concentration (Table 5). In the 2018 season the value across 
treatments was 6.5%, this increased to 9.0% in 2019. There was no effect of year or treatment on 
β-acid concentration resulting in an average of 7.0% across years and treatments.  
 
Discussion 
 The objective of this study was to determine the response of different N fertilizers 
consisting of different combinations of N forms on hops, and to develop N fertilizer 
recommendations for producers. The relationships between N fertilizer forms, petiole sap NO3
–, 
relative chlorophyll, soil NO3
– and NH4
+, yield, and quality were investigated. Overall, the CN-
UAN and the CN-CN treatments resulted in the highest yields, although they were only 
significantly higher than other treatments in 2018. Alpha- and β- acid concentrations were 
unaffected by fertilizer treatment in both years. Petiole sap NO3
–, relative chlorophyll, soil NO3
– 
and NH4
+, and post-harvest stem NO3
– concentrations were not consistently affected by fertilizer 
treatment. 
 The effect of fertilizer treatment on yield was not consistent across the two study years. 
The CN-CN and CN-UAN treatments produced the highest yields in 2018. However, there was 
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no statistically significant fertilizer treatment effect on yield in 2019, though CN-CN and CN-
UAN remained the highest yielding treatments. Bine weight after harvest, or non-cone biomass, 
followed a similar trend to yield in 2018, but not in 2019. The CN-CN treatment had the highest 
biomass and the UAN-UAN treatment produced the lowest in 2018, with no trend occurring in 
2019. The increase in yield and biomass accumulation for the CN-CN treatment may be due to 
the increased mobility of NO3
– in the soil compared to NH4
+ (Hawkesford et al., 2012) or a 
promotive effect caused by NO3
– uptake. This effect is supported by previous preliminary 
research which suggests NO3
– is the optimal form of N for hops (Christensen, 1993). Nitrate is 
also considered the optimal source of N for tobacco to support the accumulation of biomass. 
Walch-Liu et al. (2000) suggests biomass production is not inhibited by the presence of NH4
+ but 
is not promoted without the presence of NO3
–. However, this does not explain why the UAN-
UAN treatment produced the lowest yields in both years. The lower yields for this treatment may 
have been a result of the use of liquid fertilizer as opposed to granular and not an effect of the 
actual forms of N being supplied. Nutrient losses to the environment are potentially higher with 
more mobile liquid fertilizers than with granular (Catanzaro et al., 1998). This suggests that the 
plants supplied with only UAN may have been unable to access the nutrients before they left the 
system, leading to a suppression of biomass accumulation. 
Yields and non-cone biomass were affected by the weather in 2019. Relative humidity 
was higher in the first five weeks of 2019, compared to 2018. This combined with an increase in 
precipitation compared to 2018 within the third and fourth study weeks of 2019, led to an 
increase in disease pressure, most notably downy mildew. Downy mildew has several 
detrimental symptoms, including stunting, shortened internodes, and leaf curling (Woods and 
Gent, 2016). These symptoms suppressed height in 2019. During the week of 21 June in 2018, 
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plant height across all treatments was 12.9 ft, whereas during the same week in 2019 bines were 
6.1 ft tall. This resulted in a yield reduction of 69% from 2018 to 2019. 
 While α-acid concentration was affected by year, it was unaffected by fertilizer 
treatments. Beta-acid concentration was unaffected by treatment or year. The effect of year on α-
acids suggests an environmental component to α-acid production. The increased α-acid 
production in 2019 may have been a result of increased precipitation at the end of June. The 
effect of precipitation on α-acid production has been described by Hautke et al. (1967). 
According to experimental results, increased rainfall in the month of June, the time when the 
plants are growing the most, may have a promotive effect on acid production (Hautke et al., 
1967). There may also be a correlation between plant stress caused by poor weather conditions, 
increased disease pressure, and increased production of α-acids in 2019 (Keukeleire et al., 2007). 
According to Keukeleire et al. (2007), in years with poor weather conditions, particularly wet 
years which led to an increase in downy mildew, α-acid concentrations tend to be higher. 
Environmental factors such as these may cause increased biosynthesis of α-acids, while other 
environmental conditions such as drought may inhibit biosynthesis (Keukeleire et al., 2007). 
Future research may consider investigating environmental interactions further and developing 
potential manipulations to increase α-acid production. 
 There were no consistent trends in petiole sap NO3
– other than a general decrease across 
both years. This suggests no plants in any treatment consistently assimilated more N than any 
other plants in any other treatment. A decrease over the season in petiole sap NO3
– has also been 
quantified in herbaceous perennial strawberries (Fragaria × ananassa) (Opstad, 2010). This may 
be explained by the increased N availability early in the season due to fertilizer applications, 
movement of N within the plant, as well as a general decrease in N uptake over the course of the 
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season (Archbold and MacKown, 1995; Opstad, 2010; Tagliavini et al., 2005). In contrast to 
petiole sap NO3
–, in both 2018 and 2019 relative chlorophyll readings increased throughout the 
growing season for all treatments, with no other consistent trends occurring. This trend has also 
been observed in apples (Malus domestica), another perennial fruit crop (Neilsen et al., 1995). 
For both apples and hops an increase in leaf thickness and maturity may have occurred leading to 
an increase in chlorophyll in the leaves (Neilsen et al., 1995). The decrease in petiole sap NO3
– 
and the increase in relative chlorophyll across the season may have been related. As petiole sap 
NO3
– decreased, the N may have been used for chlorophyll synthesis in maturing leaves, leading 
to an increase in relative chlorophyll. For petiole sap NO3
– and relative chlorophyll, all fertilizer 
treatments, though comprised of different N forms and combinations, provided the same amount 
of N. Therefore, a similar response to N by petiole sap NO3
– across treatments and relative 
chlorophyll across treatments can be expected.   
In order to better understand how petiole sap NO3
– and relative chlorophyll can be 
applied to a perennial crop, such as hops, more research needs to be done to correlate these tools 
and hop N status. Petiole sap NO3
– and SPAD are used to assess the N status of a crop in real-
time, at a lower cost than dry tissue sampling. For herbaceous annual plants such as tomato and 
eggplant, petiole sap readings correlate well with plant N status (Lyons and Barnes, 1987; 
Gangaiah et al., 2016). Using SPAD to measure relative chlorophyll is a generally accepted 
practice for assessing N status in annual agronomic crops such as rice (Oryza sativa), corn (Zea 
mays), and wheat (Triticum aestivum) (Sim et al., 2015). Once the relationship between petiole 
sap NO3
–, relative chlorophyll, and plant N status is better understood, these tools may be more 
effectively used to determine N deficiency or sufficiency and improve N management for hop 
plants. Future work should aim to determine the validity of both these tools to assess the N status 
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of hops grown in the field, and the relationship between these two N status metrics and dried 
tissue analysis.  
 Based on our results, supplying hops with CN may be recommended for improving hop 
cone yield. Our results align with previous suggestions for N fertilizer preference in hops 
(Christensen, 1993), as well as other species such as tobacco (Walch-Liu et al., 2000) which 
suggest supplying NO3
– as opposed to NH4
+ increases biomass production. Our recommendation 
considers both yield and α- and β- acid concentrations. Timing of fertilizer application and 
environmental influence on both yield and α-acid production needs to be further investigated. 
Tools to rapidly asses the N status of hops such as petiole sap analysis and SPAD also need 
further investigation and refinement in order to assist producers in accurately managing the N 
status of hop yards and allow them to make successful rapid, real-time decisions about N 
fertilization. 
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Figures and Tables 
 
Figure 1. Median temperature (A), precipitation (B), relative humidity (C), and soil temperature 
at a 12 in depth (D) for ‘Cascade’ hops treated with five combinations of N fertilizer (first 
application-second application): CN-CN, CN-UAN, U-U, U-UAN in 2018 (solid line) and 2019 
(dashed line) at the Iowa State University Horticulture Research Station near Ames, IA. 
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Table 1. Petiole sap nitrate concentration for a field trial with ‘Cascade’ hops treated with five 
combinations of nitrogen fertilizer containing calcium nitrate (CN), urea ammonium nitrate 
(UAN), and urea (U) (first application-second application): CN-CN, CN-UAN, U-U, U-UAN 
near Ames, IA. Readings in both seasons started after the first fertilizer application. The second 
reading was taken after the second fertilizer application. Mean separations were performed using 
Fisher’s Least Significant Difference test. 
 NO3
– (ppm) 
 Sampling event 
Treatment 1 2 3 4 5 
 2018z 
CN-CN 1500 abA 1750 aA 710 abB 495 abBC 277 aC 
CN-UAN 1475 abA 1625 aA 857 abB 357 bBC 300 aC 
U-U 1225 cA 1332 aA 707 abB 357 bB 392 aB 
U-UAN 1400 bcA 1575 aA 1067 aB 690 aB 377 aB 
UAN-UAN 1675 aA 1675 aA 485 bB 315 bB 265 aB 
 2019z 
CN-CN 2050 aA 1500 aBC 1975 aAB 1317 abC 567 aD 
CN-UAN 1975 abA 1450 aB 2100 aA 912 abC 355 aD 
U-U 2050 aA 1525 aAB 1875 aAB 1272 abB 547 aC 
U-UAN 2150 aA 1500 aB 2175 aA 1600 aB 505 aC 
UAN-UAN 1700 bA 1250 aAB 1833 aA 695 bBC 212 aC 
zLower case letters represent differences across treatments within a single sampling event, within 
a year. Uppercase letters represent differences within a treatment, across sampling dates within a 
year. Significance at P ≤ 0.05.  
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Table 2. Relative chlorophyll for a field trial with ‘Cascade’ hops treated with five combinations 
of nitrogen fertilizer containing calcium nitrate (CN), urea ammonium nitrate (UAN), and urea 
(U) (first application-second application): CN-CN, CN-UAN, U-U, U-UA N near Ames, IA. 
Readings in both seasons started after the first fertilizer application. The second reading was 
taken after the second fertilizer application. Mean separations were performed using Fisher’s 
Least Significant Difference test. 
 Sampling event  
Treatment 1 2 3 4 5 6 
 2018z  
CN-CN 38.1 aC 41.5 aBC 44.9 abAB 45.5 bcAB 47.7 abA NA 
CN-UAN 39.4 aD 43.8 aC 48.0 aB 50.2 abA 49.8 abAB NA 
U-U 38.0 aC 41.5 aB 45.0 abA 44.9 cAB 48.3 abA NA 
U-UAN 38.0 aC 42.4 aB 44.7 abB 50.5 aA 51.4 aA NA 
UAN-UAN 37.0 aC 41.1 aB 43.1 bAB 43.6 cAB 46.2 bA NA 
 2019z  
CN-CN 25.6 aD 32.6 aD 34.1 aCD 42.9 aBC 43.8 aB 55.3 aA 
CN-UAN 25.1 aD 29.1 aD 38.8 aC 50.6 aA 41.3 abBC 46.5 aAB 
U-U 26.5 aD 34.1 aCD 38.3 aBC 46.0 aAB 41.7 abBC 53.5 aA 
U-UAN 27.2 aA 32.6 aA 38.8 aA 47.5 aA 43.8 aA 54.5 aA 
UAN-UAN 25.2 aC 30.3 aC 36.9 aB 46.0 aA 37.0 bB 46.5 aA 
zLower case letters represent differences across treatments within a single sampling event, within 
a year. Uppercase letters represent differences within a treatment, across sampling dates within a 
year. Significance at P ≤ 0.05.
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Table 3. Soil nitrate concentration for a field trial with ‘Cascade’ hops treated with five 
combinations of nitrogen fertilizer containing calcium nitrate (CN), urea ammonium nitrate 
(UAN), and urea (U) (first application-second application): CN-CN, CN-UAN, U-U, U-UAN 
near Ames, IA. The first sampling event occurred before the first fertilizer event, the second 
sampling event occurred before the second fertilizer event, and the third occurred before harvest. 
Mean separations were performed using Fisher’s Least Significant Difference test. 
 
zLower case letters represent differences across treatments within a single sampling event, within 
a year. Uppercase letters represent differences within a treatment, across sampling dates within a 
year. Significance at P ≤ 0.05. 
yThere was no effect of sampling date on soil NO3
– concentration in 2018, therefore uppercase 
letters have been omitted. 
  
 NO3
– (ppm) 
 Sampling event 
Treatment 1 2 3 
  2018zy  
CN-CN N/A 6.2 a 7.3 a 
CN-UAN  N/A  9.8 a 4.9 a 
U-U N/A 4.7 a 4.8 a 
U-UAN N/A 9.1 a 7.1 a 
UAN-UAN N/A 7.1 a 4.4 a 
  2019z  
CN-CN 7.2 aAB 14.3 bA 5.3 bB 
CN-UAN 7.2 aB 12.3 bA 7.0 abB 
U-U 8.3 aB 18.0 abA 6.7 abB 
U-UAN 5.7 aB 27.8 aA 8.6 aB 
UAN-UAN 6.4 aA 14.2 bA 7.7 abA 
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Table 4. Soil ammonium concentration for a field trial with ‘Cascade’ hops treated with five 
combinations of nitrogen fertilizer containing calcium nitrate (CN), urea ammonium nitrate 
(UAN), and urea (U) (first application-second application): CN-CN, CN-UAN, U-U, U-UAN 
near Ames, IA. The first sampling event occurred before the first fertilizer event, the second 
sampling event occurred before the second fertilizer event, and the third occurred before harvest. 
Mean separations were performed using Fisher’s Least Significant Difference test.  
 NH4
+ (ppm) 
  Sampling event  
Treatment 1 2 3 
  2018zy  
CN-CN N/A 1.3 ab 3.1 ab 
CN-UAN  N/A  1.4 ab 5.2 a 
U-U N/A 0.9 b 1.2 ab 
U-UAN N/A 1.8 ab 1.8 ab 
UAN-UAN N/A 1.9 a 0.8 b 
  2019z  
CN-CN 2.1 aA 0.6 bA 1.1 aA 
CN-UAN 1.8 aA 1.9 aA 5.2 aA 
U-U 2.4 aA 0.5 bB 1.8 aAB 
U-UAN 1.0 aA 0.4 bA 2.5 aA 
UAN-UAN 1.7 aB 0.6 bB 4.2 aA 
zLower case letters represent differences across treatments within a single sampling event, within 
a year. Uppercase letters represent differences within a treatment, across sampling dates within a 
year. Significance at P ≤ 0.05. 
yThere was no effect of sampling date on soil NH4
+ concentration in 2018, therefore uppercase 
letters have been omitted. 
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Table 5. Analysis of variance of main effects and interactions for stem nitrate concentration 
(ppm), yield (lb∙a–1), bine weight after harvest (lb), α-acid concentration (%), and β-acid 
concentration (%) for a field trial with ‘Cascade’ hops treated with five combinations of nitrogen 
fertilizer containing calcium nitrate (CN), urea ammonium nitrate (UAN), and urea (U) (first 
application-second application): CN-CN, CN-UAN, U-U, U-UAN near Ames, IA. P-values for 
the main effects of N source, year, and the N source × year interaction are shown for stem NO3
–, 
yield, bine weight after harvest, α-acid concentration, and ß-acid concentration. 
Response N source  Year N source × Year 
Stem NO3
– 0.59 0.19 0.54 
Yield 0.018 <0.0001 0.37 
Bine weight after 
harvest 
0.012 <0.0001 0.32 
% α-acid 0.96 0.0003 0.69 
% ß-acid 0.94 0.33 0.79 
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Table 6. Treatment effect for each year for yield and bine weight after harvest for a field trial 
with ‘Cascade’ hops treated with five combinations of nitrogen fertilizer containing calcium 
nitrate (CN), urea ammonium nitrate (UAN), and urea (U) (first application-second application): 
CN-CN, CN-UAN, U-U, U-UAN near Ames, IA. Mean separations were performed using 
Fisher’s Least Significant Difference test.  
 Yield (lb∙a–1) Bine weight (lb) 
 Year 
Treatment 2018z 2019z 2018z 2019z 
CN-CN 467.2 a 139.0 a 12.7 a 5.7 a 
CN-UAN 495.0 a 129.5 a 12.5 ab 4.9 a 
U-U 396.7 ab 132.1 a 10.5 abc 5.0 a 
U-UAN 399.8 ab 163.8 a 9.2 bc 5.9 a 
UAN-UAN 314.5 b 70.5 a 7.7 c 2.7 a 
zMeans within a column followed by the same letter are not statistically different according to 
the Least Significant Difference test. Significance at P ≤ 0.05.
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CHAPTER 4.    GENERAL CONCLUSIONS 
General Discussion 
Due to the growing craft beer industry nationally and in the Midwest region, the demand 
for hops (Humulus lupulus) is increasing. The craft beer industry generated $27.6 billion in the 
United States in 2018, and is expected to continue to grow in the coming years (Brewers 
Association, 2018; Watson, 2015). Iowa has 94 craft breweries that produce 120,755 barrels of 
craft beer a year. These numbers have been steadily increasing since 2011 (Brewers Association, 
2018). Currently the Pacific Northwest region of the United States is the leading hop producing 
region in the world, whereas Germany and the surrounding countries are considered the 
traditional growing region (International Hop Growers Convention, 2017). Iowa’s climate 
classification is the same as Germany’s and, therefore, is a suitable growing region for hops 
when combined with the states latitude and ability to achieve critical daylength for flowering and 
subsequent cone production (Kottek et al., 2006; Neve, 1991; Thomas, 1969). Due to the 
increased need for hop production, and the growing craft beer industry, nationally and locally, 
interest in hop production in Iowa has been piqued. Much of the research on hops originates 
from the major growing regions and generally focuses on cone chemical composition and harvest 
practices. Fertilization is one of the most important aspects of hop culture and production; 
however, scientifically based recommendations for production in the Midwestern United Sates 
are lacking. In order for the Midwest to be a successful hop growing region nitrogen (N) 
fertilizer guidelines need to be set for our region. 
 N is an essential plant nutrient for agricultural crops and is the main limiting nutrient 
associated with reduced yields (Williams and Miller, 2001; Witte, 2011). Fertilizer studies on 
optimal N rates for hops are limited and range from 60 to 300 lb N∙a–1 (Brooks and Keller, 1960; 
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Darby, 2011; Hermanson et al., 1995; Keller, 1954). Most recommendations are out of the 
Pacific Northwest region of the United States and do not take into consideration the climate and 
soil of the Midwest. Therefore, formal studies were needed to determine fertilizer strategies for 
successful hop production and efficient fertilizer use.  
The objective of the N concentration experiment was to refine previous N concentration 
recommendations for hops and provide a regional focus while determining the effect of N 
concentration on yield and quality. The experiment consisted of seven concentrations of urea (U) 
fertilizer from 0 lb∙a–1 to 300 lb∙a–1 in 50 lb∙a–1 increments, applied in split-application during the 
spring. The relationships between petiole sap NO3
–, relative chlorophyll, soil, soil water and N 
fertilization were also quantified. 
Based on the results of this experiment, approximately 150 lb∙a–1 can be recommended 
for hop producers in the central Midwest region. This recommendation takes into consideration 
quality and cone yield. Though yields increased as N fertilizer concentration increased, quality, 
specifically α-acid concentrations, decreased with increasing N concentrations. The balance 
between these two parameters needs to be taken into consideration by producers when 
determining the appropriate concentration of N fertilizer. Generally, fields are contracted on the 
α-acid concentration produced, and our recommendation takes this into account by balancing 
quality with yield. If a field was contracted on only yield, it would be beneficial to consider 
increasing the concentration of N fertilizer applied in order to maximize profit.  
 Plants have a physiological preference for a form of N: either NO3
– or NH4
+ (Boudsocq et 
al., 2012; Williams and Miller, 2001). This preference may be determined by a multitude of 
factors including genotype, available N form, or environmental conditions. Preference may also 
be determined by the grower and how N form may affect crop quality (Heeb et al., 2005; Wang 
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and Macko, 2011). The effect of N form on yield and quality has not been thoroughly studied in 
hops. A preliminary study by Christensen (1993) reports NO3
– may be more readily taken up 
than NH4
+ when applied at similar concentrations, though the effect of N form on cone quality 
was not quantified. Due to this gap in the literature, optimal N form needed to be studied in order 
to select appropriate fertilizers to optimize yield and quality.  
The objective of the N fertilizer composition experiment was to determine the optimal N 
form for hops in the Midwest. It also aimed to determine the relationship between N form and 
quality. The experiment consisted of five treatments. Each treatment was either a combination of 
fertilizers with different forms or the same form of N fertilizer applied in split-application. The 
three forms of N of fertilizers were granular calcium nitrate [CN; Ca(NO3)2] (15–0–0; Yara, 
Tampa, FL), liquid urea ammonium nitrate (UAN; NH4NO3) (34–0–0; Key Cooperative, Story 
City, IA), and granular U (46–0–0; Inter-chem, Ottawa, IL) applied in the combinations (first 
application-second application): CN-CN, CN-UAN, U-U, U-UAN, and UAN-UAN at a rate of 
75 lb N∙a–1, per application.  
In 2018 the CN-CN and CN-UAN treatments had the highest yields, with no trend 
occurring in 2019. No treatment effect was observed on α- and β-acids, though an effect of year 
was observed on α-acid concentration. The average α-acid concentration was 6.5% in 2018 and 
increased to 9.0% in 2019. Growing conditions varied between the two study years, suggesting 
an environmental influence on α-acid production. Based on these results we recommend a NO3
– 
based fertilizer to maximize yield. Fertilizer form does not need to be considered when it comes 
to cone quality, though environmental influences do.  
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Recommendations for Future Research 
 Future research should focus on methods for increasing quality, supporting producers, 
and supporting sustainable farming practices. Specifically, research should aim to optimize α- 
and β-acid concentrations. The effect of N fertilization on lupulin gland development, cone 
maturation, and essential oil content should also be considered, as these factors were not 
investigated in these experiments. Research should also be done to develop protocols for 
adopting tools such as petiole sap analysis and SPAD to assess the N status of hop yards in real-
time as a suitable replacement for submitting tissue for analyses by commercial laboratories. 
Future research should also aim to determine the sustainability of fertilizer applications to hops 
in the Midwest.  
In both experiments α-acid values were higher in 2019 than they were in 2018. There was 
also an effect of N fertilizer concentration on α-acid production. Neither N concentration, N 
form, nor environment affected β-acid production. This suggests α-acid production is more 
flexible than β-acid production and is more likely to be affected by external influences, 
particularly environmental influences. Understanding environmental influences on α-acid 
production could lead to the development of methods that allow producers to increase the α-acid 
concentration of their crop. The effect of factors such as irrigation and rainfall, relative humidity, 
temperature, and plant stresses such as disease pressure should be considered. If, for example, 
increased precipitation is responsible for the increase in α-acid production in 2019, then there is 
potential to manipulate this factor through irrigation in order to increase α-acid production in 
drier years. Therefore, the influence of growing conditions, especially those which may be 
manipulated in the growing environment, on the synthesis of α- and β-acids needs to be 
investigated. 
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Cone maturation and lupulin gland development rate may also be affected by N 
fertilization or the environment (Patzak et al., 2015; Sabo et al., 2001). The effect of high N 
fertilizer concentrations on lupulin gland number and size should also be investigated in 
conjunction with the influence of the environment on α-acid production to identify the causal 
reason for changes in concentration. If N concentration affects cone maturation and lupulin gland 
development, time to harvest may change based on N applied and this relationship should be 
quantified. Essential oils such as monoterpene, humulene, and caryophyllene are important 
components of hops for the brewing industry and add additional flavor and aroma components 
(Lafontaine et al., 2019; Schonberger and Kostelecky, 2011). Research should aim to understand 
the effect of N fertilization practices and environmental influence on essential oil concentration, 
especially as it becomes more important to brewers and more popular for producers to report. 
 Future research may also consider further investigating petiole sap NO3
– and SPAD 
readings in relation to crop N status in order to allow producers to rapidly asses the N status of 
their plants, and therefore make decisions about fertilizer applications in real-time. The ability to 
make decisions about N fertilizer in real-time has the potential to save producers money and 
reduce environmental impact if it leads to the reduction of fertilizer applications.  
 In order to better understand how petiole sap analysis and SPAD readings can be applied 
to hops, more research needs to be done to correlate these metrics and actual plant N status. 
Petiole sap NO3
– analysis and SPAD are used to rapidly assess the N status of a crop in real-time 
at a lower cost than tissue analysis. Petiole sap NO3
– analysis commonly used in herbaceous 
annual crops, such as tomato (Solanum lycopersicum) and eggplant (Solanum melongena) 
(Lyons and Barnes, 1987; Gangaiah et al., 2016). Petiole sap NO3
– has a positive correlation to 
dried foliar N concentrations for these plants, making the relationship empirical, and therefore an 
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accurate assessment of crop N status. Measuring relative chlorophyll with a SPAD meter is 
widely used in agronomic crops such as rice (Oryza sativa), corn (Zea mays), and wheat 
(Triticum aestivum) to assess crop N status (Sim et al. 2015). Again, in these crops, relative 
chlorophyll readings have been closely correlated with dried tissue analysis for N and 
chlorophyll and, therefore, can be reliably used to assess crop N status. In order to adapt petiole 
sap analysis and SPAD for use in hops dried tissue analysis needs to be correlated to these 
metrics at various fertilizer levels.  
 Sustainability of hop fertilization programs also needs to be addressed. The overuse of N 
fertilizer can have negative, non-target effects on surrounding environments. The impact which 
can be most readily addressed through research regarding hop production is N leaching. If excess 
N is applied, it enters surrounding waterways leading to eutrophication and groundwater 
contamination (Alexander et al., 2008; Green et al., 2014; Tilman et al., 2011). Excess N 
fertilizer also contributes to atmospheric pollution in the form of N2O via denitrification and is a 
major source of greenhouse gases globally (Muñoz-Huerta and Guervara-Gonzalez, 2013). These 
impacts can be reduced through the development of efficient N fertilization programs. 
More work needs to be done to determine if our recommendations are not only adequate 
for growing hops but also sustainable. In order to determine the sustainability of our 
recommendation, the rate of leaching as a result of rainfall and irrigation should be assessed at 
not only our recommended concentration but at higher and lower concentrations. Fertilizer form, 
such as granular or liquid, should also be taken into consideration to determine leaching 
potential. Denitrification at these same concentrations should also be assessed to determine the 
amount of N2O being released from a hop yard. Nonetheless, hops are a perennial crop and, 
combined with fertilizer applications that balance maximum yield and reduce inputs, have the 
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potential to reduce the environmental impact of agriculture in the Midwest through input 
reduction, erosion, and increased soil health (Bergstrom, 1987; Dinnes et al., 2002; Randall and 
Mulla, 2010; Zhang et al., 2011).  
 Hops have the potential to be an economically viable and sustainable alternative 
perennial crop in the central Midwest region. This research takes some of the first steps towards 
improving the culture for producing this crop in our environment, but more work needs to be 
done to support hop producers, specifically with respect to crop N status assessment and 
sustainability. It’s also important that the production of α- and β- acids be studied further in order 
to support hop producers worldwide.  
 
References  
Alexander, R.B., R.A. Smith, G.E. Schwarz, E.W. Boyer, J.V. Nolan, and J.W. Brakebill. 2008. 
Differences in phosphorus and nitrogen delivery to the Gulf of Mexico from the Mississippi river 
basin. Environ. Sci. Technol. 42:822–830. 
 
Bergstrom, L. 1987. Nitrate leaching and drainage from annual and perennial crops in tile-
drained plots and lysimeters. J. Environ. Quality. 16:11–18. 
 
Boudsocq, S., A. Niboyet, J.C. Lata,  X. Raynaud, N. Loeuille, J. Mathieu, M. Blouin, L. 
Abbadie, and S. Barot. 2012. Plant preference for ammonium versus nitrate: A neglected 
determinant of ecosystem functioning? Amer. Naturalist. 180:60–69. 
 
Brewers Association. 2018. State craft beer sales; production statistics. 2018. 7 Sept 2018. 
<https://www.brewersassociation.org/statistics-and-data/state-craft-beer-stats/?state=IA> 
 
Brooks, S. N., and K.R. Keller. 1960. Effect of time of applying nitrogen fertilizer on yield of 
hops. Agron. 1:516–518. 
 
Christensen, N.W. 1993. Fertilizer rate, timing, and placement to optimize nitrogen uptake by 
hops and protect groundwater quality. ODA Ground Water Research and Development Fund 
Report. Corvallis, OR. 
 
Darby, H. 2011. Fertility guidelines for hops in the Northeast. Univ. Vermont Ext. Bul. 
 
71 
 
Dinnes, D.L., D.L. Karlen, D.B. Jaynes, T.C. Kaspar, J.L. Hatfield. 2002. Review and 
interpretation: Nitrogen management strategies to reduce nitrate leaching in tile-drained 
midwestern soils. Agron. 94:153–171. 
 
Gangaiah, C., A. Ahmad, H. Nguyen, and T. Radovich. 2016. A correlation of rapid cardy meter 
sap test and ICP spectrometry of dry tissue for measuring potassium (K+) concentrations in pak 
choi (Brassica Rapa Chinensis group). Comm. Soil Sci. Plant Analysis. 47:2046–2052.  
 
Green, C.T., B. Bekins, S.J. Kalkhoff, R.M. Hirsch, L. Liao, and K.K. Barnes. 2014. Decadal 
surface water quality trends under variable climate, land use, and hydrogeochemical setting in 
Iowa, USA. Water Resource Research. 50:2425–2443. 
 
Heeb, A., B. Lundegardh, T. Ericsson, and G. Savage. 2005. Nitrogen form affects yield and 
taste of tomatoes. J. Sci. Food Ag. 85:1405–1414. 
 
Hermanson, R., W. Pan, C. Perillo, R. Stevens, and C. Stockle. 1995. Nitrogen use by crops and 
the fate of nitrogen in the soil and vadose zone. Washington Depart. of Ecology. Lacey, WA. 
 
International Hop Growers Convention. 2017. Economic commission summary reports. Intl. Hop 
Growers Convention. Zalec, Slovenia. 
 
Keller, K.R. 1954. Relative value of repeated annual fertilizer applications. Agron. J. 46:535–
537. 
 
Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel. 2006. World map of the Köppen-
Geiger climate classification updated. Meteorologische Zeitschrift. 15: 259–263. 
 
Lafontaine, S., S. Varnum, A. Roland, S. Delpech, L. Dagan, D. Vollmer, T. Kishimoto, and T. 
Shellhammer. 2019. Impact of harvest maturity on the aroma charactersitics and chemistry of 
Cascade hops used for dry-hopping. Food Chem. 278:228–239. 
 
Lyons, D.J., and J.A. Barnes. 1987. Field diagnostic test for nitrate in tomato petiole sap. 
Queensland J. Agri. Animal Sci. 44:37–42. 
 
Muñoz-Huerta, R.F., and R.G. Guervara-Gonzalez. 2013. A review of methods for sensing the 
nitrogen status in plants: advantages, disadvantages and recent advances. Sensors. 13:10823–
10843. 
 
Neve, R.A. 1991. Hops. 1st ed. Springer, Suffolk, VA.  
 
Randall, G.W., and D.J. Mulla. 2010. Nitrate nitrogen in surface waters as influenced by climatic 
conditions and agricultural practices. J. Environ. Quality. 30:337–344.  
 
Patzak, J., K. Krofta, A. Henychova and V. Nesvadba. 2015. Number and size of lupulin glands, 
glandular trichomes of hop (Humulus lupulus L.), play a key role in contents of bitter acids and 
polyphenols in hop cone. Int. J. Food Sci. Tech. 50:1864–1872. 
72 
 
 
Sabo, J., I. Ikic, and J. Kisgeci. 2001. Content of active components in dependece on the number 
of lupulin glands in the hop cones. Rostlinna Vyroba-UZPI. 47:201–204. 
 
Schonberger, C., and T. Kostelecky. 2011. 125th anniversary review: The role of hops in 
brewing. Inst. Brewing Distilling. 117:259–267. 
 
Sim, C.C., A.R. Zaharah, M.S. Tan, and K.J. Goh. 2015. Rapid determination of leaf chlorophyll 
concentration, photosynthetics activity and NK concentration of Elaies guineensis via correlated 
SPAD-502 chlorophyll index. Asian J. Agri. Research. 9:132–138. 
 
Thomas, G.G. 1969. Factors controlling flowering in the hop (Humulus lupulus L.). Ann. Bot. 
33:781–793. 
 
Tilman, D., C. Balzer, J. Hill, B.L. Befort, D. Tilman, C. Balzerb, J. Hillc, and B.L. Beforta. 
2011. Global food demand and the sustainable intensification of agriculture. Proc. Natl. Acad. 
Sci. United States Amer. 108:20260–20264.  
 
Wang, L., and S.A. Macko. 2011. Constrained preferences in nitrogen uptake across plant 
species and environments. Plant Cell Environ. 34:525–534. 
 
Watson, B. 2015. The hops market. Brewers Association. 26 Oct 2018. 
<https://www.brewersassociation.org/insights/the-hops-market/> 
 
Williams, L., and A. Miller. 2001. Transporters responsible for the uptake and partitioning of 
nitrogenous solutes. Ann. Rev. Plant Physiol. Plant Mol. Biol. 52:659–688. 
 
Witte, C. 2011. Urea metabolism in plants. Plant Sci. 180:431–438. 
 
Zhang, Y., L. Jiang, and C. Tian. 2011. Potential of perennial crop on environmental 
sustainability of agriculture. Procedia Environ. Sci. 10:1141–1147. 
 
 
 
 
 
 
 
 
